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PREFACE 


In April of 1955, just before Lashley’s retirement as Director of the 
Yerkes Laboratories of Primate Biology, four of his former students and 
colleagues began corresponding to lay plans for an appropriate memorial 
to his manifold scientific contributions and his signal influence on experi- 
mental and physiological psychology. This memorial volume has taken 
longer to prepare than we had hoped, and in the meantime, Lashley passed 
away in Poitiers, France, on August 7, 1958. Two months before he died, 
however, he was apprised of the plan and expressed his pleasure with it. 

At first the possibility of publishing a traditional Festschrift was con- 
sidered, but this was soon discarded in favor of a more attractive and 
functional alternative. Lashley had never published a systematic account 
of his work following his experimental monograph Brain Mechanisms and 
Intelligence (1929). Hence scholars who wish to gain some appreciation 
of the reach and breadth of his contributions to science must consult dozens 
of different journals in which the original experimental and theoretical 
articles are published. It occurred to the self-constituted committee that 
it would be exceedingly desirable and useful if a selected sample of 
Lashley’s original papers could be assembled and republished in book 
form. 

The aims of our selection procedure were to choose a group of papers 
that would reflect the range of Lashley’s interests and achievements, to 
avoid duplication, and to hold the size of the final product within reason- 
able limits. When the final choices were agreed upon, the committee felt 
that it had not merely made a representative selection of Lashley’s con- 
tributions, but that it had assembled a number of publications still highly 
significant for current problems—ones that should be available for study 
by any student of behavior. 

This collection consists of thirty-one articles from a total bibliography 
of more than a hundred titles, not counting book reviews. It represents, 
we believe, four dominant themes characterizing four different phases of 
Lashley’s career as a professional investigator: (a) laying the foundations, 
(b) the grand attack on connectionism, (c) experimental studies of 
Sensory representation (chiefly vision), and (d) general theory. We have 
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not attempted to separate the papers into these four categories, for some 
papers fit into both; but the reader will be able to see the themes in the 
chronological sequence of papers. 

Nearly all of the articles selected are here reprinted without any sub- 
stantial deletions. A few pages have been omitted from two articles— 
numbers 1 and 26—to reduce their length. For the same reason, one or 
more tables have been omitted from articles 3, 4, 18, 22, and 27. In order 
to avoid duplication, or because suitable copy for reproduction was not 
available, one or more figures had to be omitted from articles 1, 4, 16, 
18, 19, and 29. The text has been edited to reflect these minor omissions; 
tables, figures, and footnotes have been renumbered as necessary. For the 
sake of consistency, the bibliographies of the various articles have been 
edited and rearranged, where possible, according to the former policy 
laid down in the Publication Manual of the American Psychological Asso- 
ciation without, however, altering their contents. The sections of articles 
1, 8, 10, 11, 24, and 27 appearing in small type were set that way in the 
original publications. Again for consistency, the editors have also desig- 
nated sections of the following articles for small print: 3, 4, 5, 7, 12, 17, 
18, and 19. Otherwise, a minimum of editorial changes or comments have 
been made. 

When the problem of introductions to the volume was raised, it seemed 
appropriate to make explicit recognition of the fact that Lashley’s scien- 
tific contributions have not been limited to the field of psychology. Accord- 
ingly, Professor Boring was invited to write one introduction dealing with 
Lashley’s impact on psychology, and Professor Cobb was asked to con- 
tribute his views as a neurologist. The fine introductions these two gentle- 
men graciously prepared enhance the value of the book, and the committee 
expresses its deepest thanks for all their contributions. It also wishes to 
thank Miss Anne Christake who assisted in getting together copies of 
Lashley’s papers; Mrs. Murray E. Townsend, office manager of the Yerkes 
Laboratories, for helping in various ways; and Mrs. Jean S. Morgan for 
typing and preparing the manuscript for publication. We are also grateful 
to the various publishers who kindly granted permission to reproduce the 
articles; specific credit is given at the beginning of each article. 

It is hoped that this volume will stand as a modest tribute to Karl S. 
Lashley, man and scientist, and that it will constitute a useful addition to 
the scientific literature. 

Frank A. Beach 
Donald O. Hebb 
Clifford T. Morgan 
Henry W. Nissen 
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INTRODUCTION 


LASHLEY AND CORTICAL INTEGRATION 
Edwin G. Boring 


The mass of evidence . . . shows conclusively that it is the pattern and not the 
localization of energy on the sense organ that determines its functional effect 
(29, p. 492). 

The alternative to the theory of the preservation of memories by some local 
synaptic change is the postulate that the neurons are somehow sensitized to 
react to patterns or combinations of excitation. It is only by such permutations 
that the limited number of neurons can produce the variety of functions that 
they carry out... . But speculation about this mechanism without direct 
evidence is likely to be as futile as speculation concerning changes in resistance 
in the synapse has been. . . . 

The conclusion is justified, I believe, . . . that all of the cells of the brain 
are constantly active and are participating, by a sort of algebraic summation, in 
every activity. There are no special cells reserved for special memories (29, P- 
500). 


That was Karl Lashley in 1950, summing up thirty-three years of his 
own research but perhaps not yet stating the position of contemporary 
neuropsychology, which is only just beginning to accept this new interpre- 
tation for the psychological functions of the cerebral cortex. 

Now we may ask, how did Lashley arrive at these views? The answer 
will emerge if we run quickly through the history of Lashley’s thinking 
from 1917 on, the course of discovery and insight, of which the details 
are printed in this volume. After that we can enquire into the place of 
this activity in the history of science. 

Lashley’s earliest published researches (1912-1916) were done at 
The Johns Hopkins University under the influence of H. S. Jennings and 
John B. Watson. They had to do with the instinctive behavior and the 
learned discriminative behavior of animals. The first two papers (1, 2) in 

1 EDITORS’ Nore: The numbers appearing in parentheses in the introductions by Profes- 


sors Boring and Cobb refer to Lashley’s articles as numbered and listed in the Table of 
Contents, Parenthetical numbers elsewhere refer to the end-of-chapter references. 
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the present volume treat of unlearned organized behavior and thus pro- 
vide a setting for what Lashley later had to say about instinct. 

In 1917 Lashley became associated with Shepherd Ivory Franz, who 
was then at St. Elizabeths Hospital in Washington. The line of descent 
for those who believed in exact cerebral localization in the nineteenth 
century (1861-1900) may be said to have been Gall, Broca, Fritsch and 
Hitzig, Ferrier, and Munk, whereas the doubters and negativists were 
Flourens, Goltz, and presently Franz. Since 1901 Franz had been work- 
ing on the functions of the mammalian cerebrum by the method of the 
ablation of parts and had found, among other things, that a lesion in the 
frontal lobes does not abolish learned behavior unless the destruction of 
tissue is great, that long-established habits appear to persist in any case, 
and that habits lost by the extensive destruction of tissue can be relearned. 
So now in 1917 Lashley seized the opportunity to publish with Franz 
(5), using the rat, which was destined to become Lashley’s favorite sub- 
ject. They obtained results similar to Franz’s earlier ones. 

Afterwards Lashley took this problem over from Franz. It was to be his 
life work. We can follow the development of his thought by citing only 
the papers printed in this book. First we note the work of 1921 on the 
visual cortex of rats (7). In these experiments it was found that the visual 
habits disappeared when the visual area was removed, thus suggesting the 
existence of a center for vision. Lashley discovered, however, that neither 
the boundaries nor the disturbances of function were exact. It might be 
said that an intermediate finding of “inexact localization” was the result. 
Later Lashley was to know more about this function. 

In 1923 he reported the inconstancy of localization in the motor area 
of the monkey’s cortex (10). One day’s mapping would no longer be valid 
on the morrow, yet might be found again at a later time. Presumably 
remote conditions operate to change the function of a particular spot. In 
1924 he found that the retention of motor habits is not dependent on 
keeping the “motor” area intact (8). In that same year he attacked the 
generally accepted theory that learning occurs by the lowering of the re- 
sistance of the synapses by use (9). In 1926, working with D. A. 
McCarthy, he showed that neither the learning of the maze habit nor its 
retention is affected by the destruction of the cerebellum (11). Thus he 
was tending to establish learning as an action propre of the cerebrum as 
a whole and an action commune within the cerebrum in respect of its 
different parts. These are Flourens’ old terms for specific localization and 
unlocalized function. In 1929 with J. Ball, Lashley showed that the maze 
habit can persist when the sensory tracts are interrupted by cervical sec- 
tions of the cord (12). As a consequence he argued that the cerebral 
organization of the habit must be independent of the excitation of the 
exteroceptors. 
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It was at this time (1926 et seq.) that Lashley substituted a positive 
theory for his own and Franz’s earlier negatives. He established the con- 
cepts of equipotentiality and mass action to account for the absence of 
precise or persistent localization of function in the cortex, and he sum- 
marized the status quo in his Brain Mechanisms and Intelligence (1929), 
a monograph too long to be reprinted in this book. “Equipotentiality of 
parts,” he wrote, is the “capacity of any intact part of a functional area to 
carry out, with or without reduction in efficiency, the functions that are 
lost by the destruction” of other parts. This property “is not absolute but 
is subject to the law of mass action whereby the efficiency of performance 
of an entire complex function may be reduced in proportion to the extent 
of the brain injury within an area whose parts are not more specialized 
for one component of the function than for another” (p. 25). Later he 
was to be less cautious in reserving the possibilities for specific localiza- 
tion, but this was 1929. 

It was now clear that Lashley’s experiments were, for the most part, 
producing evidence to confound nineteenth-century mechanism. Psychol- 
ogy had been caught in the toils of associationistie connectionism. The con- 
ception that learning occurs by the association of ideas, a view that goes 
back to John Locke (1690) and David Hume (1740), was paralleled by 
the neuron theory (1891), which pictures the brain as a mass of neurons 
connected by synapses. This similarity of a synapse to an association 
proved irresistible, but Lashley’s experiments denied such simple con- 
nectionism and brought him over toward the camp of the gestalt psy- 
chologists. In the monograph under discussion we find him raising the 
question of how simple neural or associative connectionism can possibly 
account for the fact of perceptual transposition—the response to the rela- 
tion like the brighter or the larger of a pair and not to the specific related 
items themselves. During the next two decades the mutual support be- 
tween Lashley’s researches and the experiments of the gestalt psycholo- 
gists became more and more obvious. 

In 1929 Lashley delivered the Presidential Address of the American 
Psychological Association before the Ninth International Congress of 
Psychology at New Haven, Connecticut (13). It was called “Basic Neural 
Mechanisms in Behavior,” and in it Lashley cited research and struck out 
against reflex theory: g 


The frantic search for sources of motivation and of emotion in visceral ac- 
tivity, though initiated by introspective analysis, has been supported by the 
faith that the nervous system is only a conductor having no sources of energy 
within itself. Our preoccupation with analysis of learning by trial and error, 
the denial of association by similarity, the belief that the transfer of training can 
occur only through the training of common synapses—these are the result of the 
belief that learning is simply a linking together of elementary reflexes. The 
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doctrine that the intelligent solution of problems results only through random 
activity and selection, and that intelligence itself is an algebraic sum of multi- 
tudinous capacities, is largely a deduction from reflex theory (13, p. 207). 

Psychology is today a more fundamental science than neurophysiology. By 
this I mean that the latter offers few principles from which we may prediet or 
define the normal organization of behavior, whereas the study of psychological 
processes furnishes a mass of factual material to which the laws of nervous ac- 
tion in behavior must conform (13, p. 207) . 


It was in 1930 that Lashley invented the technique of the jumping 
stand for the learning of discrimination by rats (14). Actually the inven- 
tion, by speeding up discrimination, made possible a discovery that told 
against connectionism, for it showed that the mere concurrence of stimuli 
is not adequate to conditioning. What the rat perceives is the total pattern. 

In 1933 he discussed at length the integrative functions of the cortex 
(15). It was now clear that the mind-body problem had come to be inte- 
gration, not localization. There never was much meaning to localization as 
a theory anyhow. You assign a function to a spot in the brain, and what 
then? What does that tell you about how it works? Why is it there? What 
else might happen if you changed the conditions? It is at best a remnant, 
not merely of phrenology as Franz said in 1912, but of the philosophy that 
demanded a seat for the soul. Precision of cortical localization, said 
Lashley, is much less than was supposed. Specificity is greatest in the 
visual area, less elsewhere. Then in 1934 he worked out the facts for retinal 
projection on the visual cortex, a one-to-one correspondence, but even 
here there was overlap and the specificity was imperfect. 

Next Lashley showed (1934) that the rat’s visual perception of distance 
is innately organized and not learned, for rats raised in darkness up to 
100 days of age, when trained on the jumping stand, are able at once to 
adjust the strength of their jumps to the distances to be jumped (17). 

In 1935 Lashley again reinforced the theories of equipotentiality and 
mass action. He found that cerebral lesions do not destroy the latch-box 
habits of rats although large lesions do retard this kind of learning (18). 
Now it has been argued that the effect of lesions upon maze learning is 
not crucial evidence because the maze habit is so complex that we may 
here be faced with a simple case of vicarious function. The latch-box 
habit is, however, more conclusive. Lashley was also able at this time to 
bring under these principles the simple reaction of rats to light: they chose 
the lighter passage and rejected the darker (19). Not much chance for 
vicarious function in so simple a reaction as that. 

In 1937 he summed up the status quo (20). We have to consider that 
there are fields of force operating in the brain, he said. This is a move of 
his still further in the direction of gestalt psychology and of field theory, 
the alternative to connectionism and simple mechanism. 
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The next year Lashley was found examining the thalamic theory of 
emotion, Head’s notion that the thalamus provides the pleasantness and 
unpleasantness in emotion (21). He concluded that there is no solid 
ground for this view. Presumably the thalamus does sometimes have to 
do with expressive movements, like sham rage, but that is all. 

Also in 1938 Lashley turned to an examination of instinctive behavior 
(23), which, he contended, is plainly a matter of sensory organization 
that is formed without dependence on stimulus organization. Motivation 
plays a role in it and the organization may be hormone reinforced. 

Next Lashley returned to the problem of the visual cortex, the area 
that shows the greatest specificity. In 1939 he demonstrated that a very 
small remnant of the rat’s visual cortex, as few as 700 neurons, is suffi- 
cient to permit the discrimination of visual figures (24). The visual func- 
tion is not disturbed provided some bit of the crucial tissue is left, nor 
does it matter which bit is spared, This finding tells more for equi- 
potentiality than for localization, though it must be admitted that the 
visual area as a whole does indeed have some slight action propre, but 
not its parts. In 1943 he discovered that the visual cortex is as important 
in learning a maze as in seeing it, for he found that completely blind rats 
have difficulty in learning a maze when the visual area has been disturbed 
(27). The area contributes to an integration that is independent of visual 
perception, contributes equipotentially with respect to its various parts. 

In 1947 we find Lashley discussing the evolution of animal intelligence 
before the American Society of Naturalists (28). The evolution of mind, 
he said, consists in increasing the capacity of the organism to discover 
relations, to form novel integrations, to effect new neural patterns. Field 
theory thus comes out on top in the developmental hierarchy. 

The best summary of Lashley’s total contribution is his own “In Search 
of the Engram,” published in 1950 (29), At the beginning of this Intro- 
duction, I have quoted from it. 

Also in this volume is Lashley’s contribution to the Hixon Symposium 
of 1948, Cerebral Mechanisms in Behavior, published in 1951. Lashley 
called his paper “The Problem of Serial Order in Behavior” (30), and in 
it he marshaled the evidence that the integrations which determine be- 
havior are structured in time as well as in simultaneity. Long sequences 
are predetermined as wholes. We have to deal, said Lashley, with “the 
syntax of action.” 


So that is Lashley—an integrationist, a field theorist, if you will, and, 
like the gestalt psychologists, an opponent of mechanism and connection- 
ism. He fits into the continuous course of the history of science and more 
specifically of neuropsychology. Nevertheless he occupies in scientific 
history a place of distinction—of great distinction, I should say—for he 
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did so much more than anyone else in this third of a century to bring 
cerebral neurology away from the neurology that applies at the periphery 
of the nervous system and to bring it toward a field dynamics of the brain. 

Modestly Lashley remarked, in answer to the applause of his distin- 
guished colleagues when they had heard his paper at the Hixon Sym- 
posium, that discovery occurs when the times are ripe for it, that the 
individual investigator is discovery’s agent rather than its genius. That is 
not quite right. Lashley told the naturalists that the capacity to perceive 
relations does indeed increase with evolution. Just so there are among 
adult investigators individual differences in the capacity to perceive rela- 
tions. Lashley, it is true, fits the times, but also he seems to me to lead 
them. If Newton had not discovered the spectrum, some one else would 
have done so eventually; yet all honor to Newton who was the first man 
strong enough to defy assured convention and say that white is complex 
and not a simple color. 

So with Lashley. The major movement is from mechanism to field 
theory, from Undverbindungen to Gestalten, from atomism to emergent 
wholes. The psychologists were caught in atomism and mechanism by 
their long affiliation with associationism. They are being pulled out now 
by the gestalt psychologists, although William James (1890) and John 
Dewey (1896) started them in that direction even before Wertheimer 
(1912). The neurologists were captured by the improvement of the 
microscope which revealed so many small structures, by the discovery of 
the synapse and the establishment of the neuron theory, by the many 
discoveries that neurons at the body’s periphery do indeed act as isolated 
conductors with sequential linkage at the synapses. Physics went through 
the same process. Newton’s mechanics had eventually to be altered, great 
as was its power. Field theory starts with Faraday, was established by 
Clerk Maxwell, passed on through Max Planck to Einstein. When Köhler 
was asked what person had most influenced his intellectual life when he 
was a graduate student, he said, of all people, Max Planck. Was gestalt 
psychology then born of physics? No; remember James and Dewey, and 
in Germany Ehrenfels, Külpe, and Wertheimer. Nevertheless the new 
physics and the latest psychology were consistent with each other and 
with the times, which in the twentieth century were themselves set against 
the mechanism of the nineteenth. Physics and psychology would seem to 
have pulled neuropsychology along with them, but all this change needed 
leaders, and Lashley was certainly a leader, a man with the insight to 
see new relationships, an organism who had especially benefited by evolu- 
tion. Or, if he were to insist that he is but an agent and not a creator, 
then he was the agent of nature, for the impressive thing about the papers 


in this volume is the way in which discovery leads speculation, not specu- 
lation discovery. 
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A SALUTE FROM NEUROLOGISTS 
Stanley Cobb 


The professional introduction to these collected papers of Karl S. Lashley 
has appropriately been written by a psychologist, because Lashley was 
primarily a psychologist and a leader in the field. But inasmuch as he 
always had a consuming interest in finding out how the brain works, we 
can claim him as a neurologist. 

In a personal letter written in 1957 commenting on the paper (31) he 
had written for the Association for Research in Nervous and Mental 
Diseases in 1956, Lashley said: 


The present paper really dates from ideas of 1910, even before I had heard 
of behaviorism. Queer how early problems persist. As a laboratory boy in 
zoology in 1907 I found in a box of trash abandoned by J. B. Johnston when 
he went to Minnesota a series of Golgi stained sections of a frog’s brain. I pro- 
posed to Reese, his successor, that I work out all the connections among the 
cells so that we might know how the frog works. It was a shock to learn that 
the stain is selective, but I have never escaped from the problem. 


Yes, it is queer how problems persist, but it is fortunate for mankind 
when a problem of such importance persists in such a fine mind as 
Lashley’s for over fifty years! In his contribution of 1956 on “Cerebral 
Organization and Behavior” (31), he summarizes as follows: 


As long as mind is thought of as a special kind of being, obeying an all-or- 
none law in its presence or absence, or as some special type of energy, such as 
Sherrington sought and failed to find, so long will its relation to the brain be 
incapable of investigation. Mind is a complex organization held together by 
interaction of processes and by the time scales of memory, centered about the 
body image; it has no distinguishing features other than its organization. The 
mental phenomena must be subjected to an analysis as complete and detailed 
as that which is being made of neural activities. Only as progress is made in 
such an analysis and as the picture of the brain’s activities is completed, will it 
be possible to make significant correlations between the two organized systems. 
Meanwhile, there is no logical or empirical reason for denying the possibility 
that the correlation may eventually show a complete identity of the two 
organizations. 


In the early days at Johns Hopkins he used to come over to the Phipps 
Psychiatrie Clinic and talk to us informally about the psychological work 
that he was doing with J. B. Watson. He fascinated us by the breadth of 
his interest and by his flair for ingenious and adventurous experimenta- 
tion, He took great pleasure in exploring and living in the field to carry 
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out his work. At about this time he was going to the Tortugas off Florida 
to study the homing reactions of terns (1). This work on the homing and 
nesting instincts, of course, brought up many problems which were close 
to psychiatry, although many of us in psychiatry were not then wise 
enough to see the connections. 

During the next forty years Lashley was to be the psychologist most 
frequently chosen by neurologists and psychiatrists to come to their meet- 
ings to give a paper or to discuss the papers of others. Some of his most 
important contributions have been presented at these special symposia. 
Perhaps the best example is the one held at the California Institute of 
Technology in September, 1948. This was financed and arranged by the 
Hixon Foundation which brought together such scientists as Halstead, 
Klüver, Köhler, McCulloch, Von Neumann, and Lashley to consider 
“Cerebral Mechanisms in Behavior.” They gave papers which were dis- 
cussed by Gerard, Liddell, Lindsley, Lorente de Nó, Neilsen, Weiss, and 
others. Lashley’s contribution was a long paper entitled “The Problem of 
Serial Order in Behavior,” which is included in the present volume (30). 
His discussions of the papers by the other men were equally important. 
Perhaps Lashley’s most famous contribution at a symposium is “In Search 
of the Engram” presented before the Society for Experimental Biology in 
1949 and published in the society’s fourth volume of symposia in 1950. 
This paper also is included in the present volume (29). 

Many neurological and psychiatric societies made use of Lashley as a 
speaker and contributor to discussions at their meetings. The American 
Neurological Association made him an honorary member in 1952, and 
some examples of his great usefulness to this association indicate how 
much he was appreciated by the clinicians and medical scientists. In 1949 
at the American Neurological Association a session was devoted to func- 
tional localization in the cerebral cortex. There were contributions from 
several surgeons, —Ericson and Penfield and Pool-and physiologists such 
as Wilbur Smith and John Fulton. The papers had to do with new refine- 
ments in human cerebral localization, for example, the supplementary 
motor and sensory areas. Lashley was asked to read the last paper in this 
group and he produced a masterful, short contribution entitled “The 
Problem of Interaction of Cerebral Areas.” A discussion of his paper was 
opened by Kurt Goldstein, who spoke from his great clinical experience 
with head injuries in World War I. He accepted Lashley’s point of 
view saying, “It is clear that we are facing here a problem which is 
pertinent for the decision whether we are dealing with isolated areas in 
the cortex which come only secondarily in connection with each other, or 
whether the cortex functions always in its entirety.” Lashley closed the 
discussion with a remarkable extemporaneous talk showing his intimate 
knowledge of the anatomy of the human brain as well as the brain of 
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various laboratory animals. He added, “I once went through the entire 
literature on motor aphasia, trying to get together cases in which I could 
estimate just roughly the amount of destruction and the severity of the 
aphasia; the amount of destruction in the third central convolution and 
the severity of aphasia. In that whole list I got less than eighteen cases 
which satisfied such very simple requirements and those eighteen cases 
gave me a correlation of ‚9 between the extent and severity of symptoms.” 
He went on to discuss the problem of individual variation and concluded 
by saying that up to that time he had no clue as to what may be the 
mechanism of integration. 

Again at a symposium on “The Brain and the Mind” at the American 
Neurological Association in June, 1951, papers were read by von Bonin, 
Magoun, Jasper, Cobb, and Penfield. At the close Lashley was the most 
important participant in the discussion and gave us a sample of his 
virtuosity as impromptu speaker. During my paper I had thrown on the 
screen a short piece of music (“The Sun Shines Bright on my Old Ken- 
tucky Home”) in order to illustrate the idea that sequence in time was 
important in integration. Lashley picked this up, whistled the tune as 
written, and then whistled it backwards, saying: 


Both Drs. Cobb and Penfield have stressed the importance of the problem of 
the temporal organization of behavior. This is, I think, the most fundamental 
and the most troublesome problem in neurology today. I feel that its solution 
may be found by studying the translation of temporal orders of action into 
spatial patterns, and the reverse. It is possible to represent a short temporal 
sequence in terms of spatial dimensions, to manipulate those dimensions, and 
by scanning them in various ways, to re-translate them into another temporal 
pattern. Perhaps I can demonstrate this with Dr. Cobb’s little melody. [Dr. 
Lashley whistled the tune as it was presented on the slide, then whistled it 
backward.] I think that what must happen in such a case is that the afterdis- 
charge of the sensory excitations persist with a spatial distribution in the brain, 
which can be scanned by some other mechanism. 

I am less impressed with the analogies between various machines and neural 
activity, such as are discussed in Cybernetics. There has been a curious parallel 
in the histories of neurological theories and of paranoid delusional systems. In 
Mesmer’s day the paranoid was persecuted by malicious animal magnetism, his 
successors by galvanic shocks, by the telegraph, by radio, and by radar, keeping 
their delusional systems up to date with the latest fashions in physics. Descartes 
was impressed by the hydraulic figures in the royal gardens and developed a 
hydraulic theory of the action of the brain. We have since had telephone the- 
ories, electrical field theories, and now theories based on the computing ma- 
chines and automatic rudders. I suggest that we are more likely to find out how 
the brain works by studying the brain itself and the phenomena of behavior 
than by indulging in far-fetched physical analogies. The similarities in such 
comparisons are the product of an oversimplification of the problems of be- 
havior: . . . 
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Finally, I should like to speak a word of warning against the present tendency 
to ascribe very complex functions to the thalamus and brain stem. These are 
regions of relatively few cells and poorly developed internuncial systems. . . . 

It should be a fundamental principle of neural interpretation of psychological 
functions that the nervous activities are as complex as the psychological activi- 
ties which they constitute. . . . 


Many incidents like these when put together make a picture of Lashley 
as seen by his medical confreres: the wiry, enthusiastic youth of 1917 
with many exciting expeditions and intellectual explorations ahead of 
him; the forty years of his challenging and helpful appearances by invita- 
tion at our neurological and psychiatric meetings; and most recently the 
mature formulations of the great problems common to his field and ours. 

And so, in paying Karl Lashley our homage, we claim at least a tithe 
of his work for neurology! 


~r 


1. NOTES ON THE NESTING ACTIVITIES 
OF THE NODDY AND SOOTY TERNS' 


ORIENTATION IN THE NEST LOCALITY 

In the report of his extensive studies of the activities of the noddy and 
sooty terns Watson raises the question of the method by which the birds 
recognize their nests and young and records the results of a few experi- 
ments bearing upon the problem. The terns breed in great numbers upon 
Bird Key, an island in the Tortugas group somewhat less than 5 acres in 
area. Their nests, of which there were more than 10,000 in 1908, are in 
many cases closely crowded together, as many as 30 sooty nests being 
found in an area of 100 square feet, and the nests and eggs are almost 
indistinguishable to the human observer. Indeed, the island suggests a 
city of 10,000 houses, all much alike, unnumbered and set down at 
random, without streets or definite landmarks. The birds choose their own 
nests, without error, from among hundreds of similar ones, and under 
normal conditions never show the slightest hesitation in making their 
choice. 

In testing the sensory factors involved in nest recognition, Watson 
found that he might change the appearance of the nest and egg without 
disturbing the birds in the least. Very great changes in the appearance of 
objects near the nest did not alter the quickness and accuracy of orienta- 
tion. When, however, the slightest alteration was made in the horizontal 
position of the nest, when it was moved only a few inches to one side, 
the birds were much confused, refused to occupy the nest in its new posi- 
tion, and reacted positively to the original nest site even when no trace of 
the original nest remained. . . . 

In view of the remarkable ability of the terns to return to their nests 
from great distances the problem of the sensory factors involved in their 
recognition of the nest locality and orientation in the neighborhood of 
Bird Key becomes of considerable importance as offering a possible aid 
to the understanding of more distant orientation. 

1 EDITORS Nore: From Carnegie Instn. Publ., 1915, 7 (211), 61-83. Reproduced by 


permission of Carnegie Institution of Washington. The work reported here was done under 
the auspices of the marine biological laboratory of the Carnegie Institution of Washington. 
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At the suggestion of Professor Watson I attempted to gain further evi- 
dence upon the problem of proximate orientation in the terns during a 
six weeks’ residence on Bird Key. The work has not furnished any clue 
to the mechanism of distant orientation, but the details of the birds’ 
behavior in finding and recognizing their nests seem worth recording as 
exemplifying the extremely complicated habit-systems which wild animals 
may develop under a normal environment, and, also, as showing that, 
whatever the mechanism of distant orientation may be, proximate orienta- 
tion is readily explainable in terms of visual and kinesthetic habits. . . . 

Detailed descriptions of the nests and eggs have been given by previous 
writers, and the following brief notes are included only for the sake of a 
clearer presentation of the experimental control of orientation.” 

The nest of the sooty consists usually of a shallow depression in the 
sand, of about the depth and diameter of a large saucer. The birds hollow 
it out by a sort of wallowing movement, turning around and around and 
pushing the sand away with their breasts. In this depression a single egg 
is laid. Rarely two eggs are found in a single nest, but whether both are 
laid by a single bird, or one is stolen from a neighboring nest, is uncer- 
tain. . . . The nests of the noddies are loose masses of sticks piled among 
the branches of the low shrubs which cover the greater part of the island. 
They are frequently lined with bits of coral and shells, and, like the nests 
of the sooties, rarely contain more than a single egg. 

The key upon which the nests are built is roughly triangular, about 
500 yards in length and half as broad. . . . Its greatest elevation is not 
more than 6 feet. The key was formerly overgrown thickly with bay 
cedars, but the greater number of these were killed by the hurricane of 
1910 and only a few living cedars remain, for the most part near the 
center and western end of the key. These grow to a height of 5 feet and 
make many irregularities in the profile of the key which are probably im- 
portant as landmarks for the birds. Where the bay cedars have been 
washed out the sand is covered by low fleshy herbs resembling the com- 
mon tumble-weed. At the beginning of the nesting season large numbers of 
these weeds were torn up and piled along the beach to give the sooties 
nesting space in the center of the island. 

At the western end of the island are some buildings, the warden’s house 
and the old detention hospital, which are the most conspicuous objects 
upon the island. The group of buildings is about 50 feet in length and has 
a maximum height of 15 feet. Three cocoanut palms . . . grow near the 
buildings. The buildings, the palms, the clumps of bay cedars, and the 
piles of brush along the beach present extremely complex visual stimuli to 


2 EDITORS’ NOTE: Several drawings and photographs have been omitted from this selec- 
tion primarily because of difficulties in reproducing them. References to figures have been 
edited and renumbered accordingly. 
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the birds coming home from sea. Even at the most isolated nests the 
environment presents a countless number of possible visual stimuli and it 
is never practicable to control more than a very few of the stimuli which 
may be potent factors in the birds’ orientation. Long-continued study of 
a single nest is prevented by the fact that the birds soon become hope- 
lessly confused by the changing conditions of the experiment and cease 
to react definitely to the nest or nest environment. The situation at every 
nest presents a distinct problem and in no case has it been possible to 
reconstruct the entire process of reorientation from the data obtained at 
a single nest. The relation between particular stimuli and the orientation 
of different birds has been determined, and a combination of the results 
of observations at many nests gives a fairly complete picture of the 
mechanism of orientation in the immediate neighborhood of the keys. 
The experiments recorded in the following pages are typical of a large 
number carried out at other nests and will serve to illustrate the chief 
phases in the recognition of the nest and nest site. 


EXPERIMENTS WITH SOOTIES 
Recognition of the Nest Site 

The sooties become accustomed to the experimenter’s presence very 
quickly and often become so tame as to interfere seriously with the ex- 
periments, refusing to be driven more than a few feet from the nest. 
After they have been disturbed a few times their return to the nest is very 
prompt . . . [see Table 1.1]. 


Table 1.1. Average Time of Six Brooding Sooty Terns to Return to 
Nest after Being Driven Off ° 


Trial Time, sec. 
1 56 
2 25 
3 30 
4 18 
5 12 


° Title supplied by editors. 


The accompanying table gives the time elapsing from the moment when 
the brooding sooty was driven from the nest until it had again covered 
the egg. The time given is based upon the average of 6 birds during 5 
Successive trials at intervals of 5 minutes. The average time which a tame 
sooty requires to rise from the nest, fly 15 or 20 yards and return, is 12 
seconds. This is not appreciably changed by the substitution of a strange 
egg for the one in the nest, or by the filling in or remodeling of the nest by 
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the experimenter, so long as the egg remains in nearly its original posi- 
tion. A very slight change in the lateral position of the egg, however, 
causes a very great increase in the time required by the bird to return to 
the nest and begin to brood the egg. In adjusting to such changes the 
sooties show a very accurate localization of the original position of the 
nest, even when all traces of it have been completely obliterated. The 
following notes give a description of a typical instance of adjustment to 
a lateral displacement of the egg. 


Experiment 1. 10:50 a.m. I drove a sooty from her nest, obliterated the nest, 
and made a new one with a noddy egg in the same place. In 1 minute the bird 
returned and in 2 minutes covered the egg, after driving away two trespassers. 

10:53 a.m. I obliterated the old nest and made a new one, 1 foot south of the 
first position. The bird alighted at the old nest and turned around as if to 
adjust the egg. She then caught sight of the egg in its new position and went 
over to the new nest, then returned to the old one. She then made 4 more trips 
back and forth between the new nest and the original nest site, and finally set- 
tled down at the latter, hollowing out the sand to form a shallow nest. After a 
minute she went to the egg, adjusted it, and settled down on it. Another sooty 
attacked her and she drew back from the egg without defending it, looking 
back to the old nest site. She next went to the old nest, then back to the egg, 
which she covered for 30 seconds. After one more trip to the old nest she 
seemed reconciled to the egg in the new position. The total time required for 
this readjustment was 10 minutes. 

11:05 a.m. I drove her away again. She returned in 1 minute, alighted be- 
tween the first nest position and the new one, went first to the egg, then to the 
old nest site, then back to brood the egg. Two minutes later she paid a brief 
visit to the old nest. 

11:10 a.m. Driven away again, the bird alighted near the old nest site and 
ran directly to the egg. After 30 seconds she visited the old nest site, and again 
after 2 minutes. She was driven away 6 times during the next half hour and at 
the end of this time showed an almost perfect adjustment to the changed 
conditions, returning to the egg in 15 seconds. The egg was then returned to its 
original position. The bird accepted it at once and paid not the slightest atten- 
tion to the new nest which she had just been occupying. 


In this case the substitution of noddy egg and artificial nest for the 
original egg and nest did not affect the bird’s reaction in the least. 


Experiment 2. In another case the egg was taken from a nest, a piece of black 
cloth 3 feet square was spread over the nest, and the egg was replaced on top 
of the cloth. The bird alighted in a few seconds and walked immediately to the 
edge of the cloth. It showed a good bit of hesitation in stepping on the cloth, 
and walked around it, looking at the egg for many seconds. In less than a 
minute, however, it ventured upon the cloth, seemed to lose all fear immedi- 
ately, ran to the egg and covered it contentedly. The total time required for 
adjustment to the new situation was less than a minute. 
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Other instances of similar indifference to the appearance of the nest 
and egg are recorded in later experiments and make it clear that, except 
under unusual conditions, the individual characters of the nest and egg do 
not play any important part in orientation. The birds react positively to 
any nest at the chosen site. In contrast to this the birds are almost always 
very greatly disturbed by a lateral displacement of the nest of only a few 
inches and react to the original nest site much as did the bird described 
in experiment 1. The time required for readjustment to such slight 
changes varies greatly with different birds, even under quite similar 


conditions. 


Experiment 3. The same birds whose average time of adjustment to dis- 
turbance is given . . . [in Table 1.1] were used for a comparison of the times 
of adjustment to a change of position of the nest. The nests were similarly 
located in open, rather thickly populated areas, but so far apart that no two 
of the birds under observation were disturbed at the same time. In each case 
the nest was obliterated, a new nest was constructed 1 foot from the old nest 


Table 1.2. Time Required for Each of Six Brooding Sooty Terns to Return to 
a New Nest Site after Being Driven Off ° 


Time in seconds 


No. of Bird Bird Bird Bird Bird Bird 
trial no.l no.2 no.3 no.4 no.5 no.6 
1 240 480 300 t 30 100 
2 15 60 270 20 100 
3 120 240 30 90 50 
4 150 120 40 t 50 
5 15 65 55 40 
6 50 75 30 20 
7 15 300 36 30 
8 10 90 50 
9 10 30 40 
10 15 30 


® Title supplied by editors. 
+ Did not find egg in half an hour. 
1 Undisturbed by change. 


site in the direction most free from other nests, and the egg was placed in this 
artificial nest. The birds were allowed to find the new nest and settle down 
quietly over the egg each time before being frightened away again. Table 1.2 
shows the time required for each bird to readjust to the new situation. The 
birds were driven away at intervals of 5 or more minutes. 
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In each case but one the birds were greatly confused by the change in 
the position of the nest and all showed a tendency to settle down at 
the original nest site. As it was clear that the nest itself was not the 
stimulus to the localization of this area, an attempt was made to control 
the immediate surroundings of the nest. The following experiments with 
objects near the nest give some insight into the mechanism of nest 
recognition: 


Experiment 4.° . . . It was found [in this experiment] that recogni- 
tion of a nest is to some extent dependent upon the relative positions of 
the nest and other objects in the neighborhood, in this case an artificial 
nest. Other factors not brought out by the experiment seem, however, to 
play a still more important part in orientation. The constant alighting 
place and path to the nest furnish a clue to other factors in orientation 
which appear more strikingly in other experiments. 


Experiment 5. A nest in an open space near a short stake was obliterated and 
replaced by two nests a foot apart. The bird chose the northern egg. Both eggs 
were moved a foot to the northward. The bird alighted and chose the northern 
egg without hesitation. Her mate came and covered the southern one. Both 
were driven off. The first returned and alighted at a place four fect to the 
eastward, then walked for three feet straight toward the original position of 
the nest. When still a foot away she seemed to catch sight of the eggs in the 
new position, turned sharply from her course, and went straight to the northern 
egg. She soon became dissatisfied, went back to her alighting place, and re- 
turned to the northern nest, but this time directly. She then went to the southern 
nest, returned to the northern and covered the egg. Her mate came back and 
again took the southern nest. 

Both nests were again moved, with the stake, 2 feet to the northward. The 
first bird alighted as usual near the bushes, walked to the original nest site, 
looked about, and went directly to the new southern nest. Her mate came and 
walked about the old nest site. She got up and went to him, and then returned 
to the nest. 

The stake was then moved back to its first position, the nests being left 
undisturbed in the northern position. The first bird came to her alighting 
place and started directly to the new site, then seemed to catch sight of the 
stake and turned toward it, then back to the alighting place, toward the stake, 
back again to the alighting place, then finally to the new nest. The path 
followed . . . shows clearly the struggle between the motives offered by the 
sight of the stake and that of the egg... - 


This series of observations offers several interesting points: 

(a) In comparison with the sooties in crowded localities, the bird under 
observation showed a remarkable plasticity. Attempts to duplicate the 
experiment in crowded districts failed completely. 


3 epırons’ NOTE: Details of this experiment have been omitted. 
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(b) The constancy of the place at which the bird alighted is very 
striking. How this place was recognized could not be determined, but it 
was near an open place in the bushes which offered many more visual 
criteria than did the immediate surroundings of the nest. The certainty 
with which the direction was taken from this position to the nest is also 
unexplained. It was to a certain extent independent of the appearance of 
the immediate vicinity of the nest. The question of orientation from the 
alighting place will be taken up later. 

(c) The relative force of the egg and stake in determining behavior 
gives some insight into the bird’s habits with respect to the nest environ- 
ment. The stake had been planted two weeks before to mark the site of 
another nest, at that time destroyed. In 2 weeks it came to occupy an 
important place in the bird’s recognition of her nest, perhaps taking the 
place of the obliterated nest in her system of habits. That it was not the 
fundamental factor in locating the nest is shown by the fact that after a 
few failures to reach the nest by going to the stake the bird paid little 
further attention to the latter. 


Experiment 6. A nest in a rather crowded area was chosen for this experi- 
ment, It was 8 inches north of a stake which had been planted a week before 
to mark another nest, and near the center of a triangle the northern side of 
which was formed by a line of very dense weeds, the western by a very dense 
clump of weeds and the stem of a palm leaf, the southern side being open. . . . 
I drove the bird from the nest-she circled above the island and came back 
immediately, alighted 6 feet to the eastward of the nest, and walked almost 
straight to it. . . . This was repeated twice, her path in returning being each 
time the same. 

The stake was by far the most conspicuous object near the nest, and to test 
its effect upon the bird’s reaction I moved it from its position south of the nest 
to an equal distance north of the nest. I also constructed a new nest, north of 
the stake. . . . The relation between this nest and the stake was now the 
same as the relation of the [old] nest . . . and the stake had been before the 
change. The bird’s own egg was placed in the [new] nest and a strange egg 
was placed in [the old nest]. The bird returned by the path [formerly taken] 
and took its own nest . . . after some hesitation. The change in the position 
of the stake was a disturbing factor, but was not sufficient to determine the 
choice of nests. 

The line of weeds forming the northern boundary of the triangle was next 
moved a foot to the northward. The bird returned by its customary path with- 
out the slightest hesitation. This landmark played no part whatever in orienta- 
Bons; 

The weeds to the northward were cleared away and the [old] nest was 
moved 18 inches to the northward of [the new nest]. The leaf and weeds were 
likewise shifted to the northward, so that the original relations of the nest and 
two objects were now duplicated, nearly 3 feet from the original position. The 
bird returned and covered the southern egg; 3 minutes later she got up, went 


8 THE NEUROPSYCHOLOGY OF LASHLEY 


to the new [formerly old] nest, adjusted the egg, and covered it. I watched her 
for half an hour longer, during which time she remained contentedly on the 
nest, which she occupied during the whole of the following day. 


From this . . . account it is clear that the final orientation was de- 
termined wholly by the visual stimulus of two objects in the neighbor- 
hood of the nest. Neither the palm leaf nor the clump of weeds alone was 
sufficient to determine the choice of the nest, but both together called 
forth a definite reaction, regardless of all other objects in the vicinity. 

Watson found that considerable changes could be made in the vertical 
position of the nest without affecting the bird’s reaction in the slightest. 
His experiments have been repeated, but always with negative results. 
The following notes illustrate the type of reaction obtained: 


Experiment 7. A nest near that described in experiment 5 was placed in a 
pan of sand, 1 foot square and 2 inches deep, so that it was ra sed 2 inches 
above its former level. The owner of the nest always alighted 6 feet to the 
eastward and walked by a somewhat zigzag path to the nest. When the pan of 
sand was first put in place she approached, walked around it, and inspected it 
carefully, She next stooped, peered about in all directions, then stepped up to 
the higher level. She did not cover the egg, but walked about in the pan and 
finally backed over the edge and fell out. She spent some time standing near 
the pan, then stepped up on it again, and after 8 minutes covered the egg. Half 
an hour later she was driven away. She returned at once, spent 2 minutes in 
preening her feathers, then stepped’ up into the pan, and covered the egg im- 
mediately. 

The pan was next raised to a height of 6 inches from the ground. The bird 
returned to her alighting place, walked toward the pan, hesitated, walked 
around it several times, but made no attempt in half an hour to get up on it. 
With the pan in this position she could not see the egg from the ground. The 
pan was then lowered to a height of 4 inches. The bird came from her alighting 
place to the pan, climbed into it with difficulty, putting one foot in it and 
fluttering up, and covered the egg in 2 minutes. The nest was left in this posi- 
tion until the following day, when the experiment was resumed. The bird was 
then driven off several times and cach time returned to her usual alighting 
place, walked to the edge of the pan, then fluttered up to the egg. The nest was 
raised to 5 inches and was taken immediately. It was next raised to a foot 
from the ground. The bird walked around it for 5 minutes before flying up and 
covering the egg. It was left in this position for an hour and was then raised to 
a height of 2 feet. The bird returned to her alighting place, walked to the foot 
of the post supporting the nest, and seemed very much puzzled by the new 
condition. She walked round and round the post, looking up at the nest, but in 
10 minutes made no attempt to fly up to the pan. The pan was lowered to 6 
inches and was occupied immediately. . . . 

[Sometime] later the same bird was upon the nest. The egg had hatched in 
the meantime. The pan was raised to the top of a post 2 feet above the ground. 
The bird walked around the post for half an hour without seeming to look up 
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at all. She then flew away and was not seen for the remainder of the day. The 
next day she was again in the nest. When driven off she returned and alighted 
directly upon the nest. 

The pan was raised to a height of 5 feet. The bird came to the ground and 
walked around under the pan for several minutes, looking up. Then came the 
most interesting part of her entire series of reactions. She flew up to a height of 
2 feet and went through the motions of alighting just as though the pan was 
still at this height, then dropped back to the ground. She repeated this five times 
in exactly the same way, then walked about for a few minutes, looking up, and 
finally flew up to the pan and covered the nestling. She was frightened away 
again, returned to the ground, and flew up to the pan immediately. 


This experiment brings out three facts quite clearly. First, adjustment 
to changes in the height of the nest is not made any more readily than to 
changes in the horizontal position. Second, shifting the nest along the 
pathway toward the alighting place disturbs the birds less than a change 
in the position of the nest in any other direction. Third, there is a strong 
tendency to replace visual motor reactions by habits based upon kines- 
thesia, resulting in reactions like those shown by the rat in an adjustable 
maze. 

Clearly, in all these experiments the birds were influenced to some 
extent in the recognition of their nests by visual objects in the immediate 
neighborhood. Such objects were other nests, debris which had been in 
place since the nest was made, and objects recently added to the situa- 
tion. It appears that long-familiar objects influence more than those 
added after the laying of the egg. The birds pay more attention to the 
nests of others than to any other class of objects. 

In the case of some other nests, particularly those in crowded areas, I 
could find nothing in the immediate neighborhood of the nest which 
seemed to influence the birds’ orientation. At one time a nest was shifted 
1 foot from its original position and practically every object within a 
radius of 3 feet was moved for the same distance in the same direction. 
The sand in this area was smoothed out to change its appearance. Thus 
the original environment was duplicated with 1 foot lateral displacement. 
The bird came back to the position of the original nest, now completely 
obliterated, and gave nearly the same set of reactions as that of the bird 
described in experiment 1. In this case the recognition of the nest locality 
was upon the basis of some other stimulus than that provided by the 
immediate environment. The same was in part true of the nests described 
In experiments 4 and 5. 


The Alighting Place 


The clue to the method of orientation in such cases is given by the 
behavior of the bird described in experiment 5 in passing from her alight- 
ing place to the nest. It seemed that this bird took its direction from some 
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objects at the alighting place and depended upon this place for reorienta- 
tion when confused by changes in the position of the nest. Th 
observations bring out the importance of the alighting 
from this to the nest. 


e following 
place and the path 


Experiment 8. At the edge of the beach two piles of brush were thrown to- 
gether in such a way as to leave a small overarched passage extending half way 
through between the piles and opening on the beach to the westward. A pair 
of sooties had their nest at the inner end of this passage. The bird studied 
alighted always at the southern end of the brush pile, where there was another 
nest, and then followed the western side of the pile to the opening of the nest. 
The path was complicated by a dead bay-cedar branch, which projected from 
the face of the pile and forced the bird to stoop and turn out to the left. The 
bird was seen to follow this path accurately in five successive trips to the nest. 
I broke off the branch and removed it, leaving a clear path. On the next two 
trips to the nest the bird went through exactly the same movements of stooping 


and turning out which had been required by the presence of the dead 
branch. . . , 


The path was then blocked by piling brush 
had been]. The bird alighted [as usual], started along the path, came to the 
pile of brush, and seemed to be completely lost. She wandered about for a 
long time and finally came to [another] nest at the other end of the brush 
pile. She crawled into the brush and inspected this nest, then turned and scur- 
tied around to her own nest as fast as she could run. The nest at [the end of the 
brush pile], like that at [the beginning of the path], served as a landmark. 


[where the bay-cedar branch 


Under normal conditions a nest near the alighting place furnished the 
rd a clue to the direction of its own nest and the path to the latter was 
llowed almost wholly by a series of kinesthetic-motor habits. The bird 


was able to reorient from other visual stimuli when the usual method was 
prevented, 


bi 
fo 


» at a distance of more th 


against the face of the bank so as to 
foot. . . . The bird returned, seeme 
and walked upon the c 
but became confused 
usual alighting place. She made several more fal 
to the canvas, and walked upon it without hesi 
full distance to the foot of the bank. . 


d to her 
se starts, became accustomed 
tation, but never walked the 
. . After a great number of failures she 
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finally reached the foot of the bank, seemingly by chance, half an hour after the 
canvas was placed in position, and from this place she followed her customary 
path to the nest. An hour later she was driven from the nest (she probably 
made many trips to and from it during the interval). She returned to her original 
alighting place at the top of the bank and flew from it across the canvas to the 
foot of the bank, then walked to the nest. 


In this case the alighting place was far from the nest. Blocking the path 
between the alighting place and the nest was sufficient to destroy orienta- 
tion. The immediate neighborhood of the nest was reached by chance, 
but was recognized at once. Readjustment to the changes in the path 
followed very quickly. 

From many observations I am convinced that practically every sooty 
has a special alighting place and path which is invariably followed in the 
return to the nest under normal conditions. In some cases the path seems 
unaccountably complicated. . . . 

In many cases it is evident that after orientation is gained the path to 
the nest is determined largely by motor habits irrespective of the immedi- 
ate visual stimuli. Little direct evidence upon the recognition of the 
alighting place has been gained, and the attempt to trace back orienta- 
tion beyond this point must be postponed until data from experiments 
with noddies has been presented. 


EXPERIMENTS WITH NODDIES 
The Nest and the Perch 

As in the case of the sooties, Watson found that the noddies locate their 
nests readily when the appearance of the surroundings has been com- 
pletely altered and that the substitution of an artificial nest and egg for 
the originals does not disturb the birds in the least. He found also that 
very slight changes in the position of the nest confuse the noddies and 
that after such changes the birds still react positively to the old nest site. 
The nests of the noddies are always built upon the bay cedars and any 
great change in the appearance of the nest and environment involves 
not only a great deal of labor but also the destruction of many other nests. 
For this reason no great number of experiments upon the nest recognition 
of the noddies were carried out. Such experiments as the following, 
together with a large number of observations upon the flight of the birds 
to their nests, give, however, a fairly complete picture of the mechanism 
of orientation. 


Experiment 10. A pair of noddies had built their nest in a dead cedar bush 
near the smaller of [two] palm trees. When both birds were at the nest, one 
or the other was always seen to be perched on the middle row of a low leaf of 
the palm. The nest was torn from its position and fastened on top of a stake, 
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3 feet farther from the perch than its original position. At this time only one 
bird was present at the nest. It was frightened away and did not return for 
some minutes after the change was effected. It was first identified again as it 
hovered over the old nest site. Thence it flew to the perch, then back to the first 
position of the nest. This was repeated several times. 

Without paying the least attention to the nest [on the stake], the bird flew to 
the large palm, circled close around its stem and darted back to the perch. 
Without alighting here it turned and dropped quickly to the bushes where the 
nest had been. This was repeated many times until it seemed quite certain that 
sight of the large palm furnished the clue to the position of the perch and that 
the change in direction of flight from the perch to the nest was effected largely 
in terms of kinesthesia. 


Three points were brought out by these observations. First, the exist- 
ence of a well-localized perch corresponding to the alighting place of the 
sooty; second, the use of other very conspicuous objects (in this case, the 
large palm) as points from which orientation is gained; third, the im- 
portance of kinesthetic-motor habits even in determining the direction 
of flight. The perch seemed to be recognized partly by its appearance 
and partly by its relation to the neighboring palm tree. 


Experiment 11. . . . The method by which the noddies recognize 
their nests is very similar to that of the sooties, the only difference being 
the manner of approaching the nest—in the one case by flying, in the other 
by walking. The perch has for the noddies much the same relation to the 
nest as the alighting place has for the sooties. Recognition of the noddy 
perch seems to be partly in visual terms, partly in the relation of the 
perch to other very conspicuous visual objects, such as the palm in ex- 
periment 10. 

Destruction of both the alighting place and nest gave no very definite 
results. In one instance the birds flew back and forth along the edge of 
a row of bushes in which the nest and perch had been located, and made 
swift flights out around a number of tall stakes which had been planted 
to mark other nests. In almost every instance the destruction of the 
perch and removal of the nest brought out some antecedent factor in 
orientation, such as the stakes mentioned above, but these factors were 
so widely distributed and varied as to be practically beyond experimental 
control. 

Orientation in Approaching the Island 

In the two experiments recorded it seems clear that the birds gained 
their first orientation from the visual stimulus afforded by the palm trees 
and buildings, and from a large number of observations I feel certain that 
all the birds, on approaching the island, determine their direction with 


4 eprrons’ Nore: The description of experiment 11 has been omitted, 
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respect to the more prominent visual features of buildings, trees, and 
bushes. The paths followed by the birds coming in from sea seem to give 
the best evidence of this. . . . 

When the birds are frightened they run from their nests, leap into the 
air, and fly against the wind until they reach a height of from 10 to 25 
feet, then turn quickly and fly with the wind until well away from the is- 
land. If not badly frightened, they turn when 20 to 200 yards in the lee of 
the island, and fly back rapidly against the wind to the region of the 
nest. Birds in open areas may be kept in sight constantly during the flight 
and time and time again are seen to follow the same path from and to the 
nest. The great majority of birds in short flight return by rather definite 
pathways. . . . [These] lead directly to the chief nesting areas, and the 
preponderance of birds following them may be due simply to this fact. 
In each case, however, the path is near a conspicuous landmark (the 
buildings and opening in the bushes), and the birds frequently change 
their direction of flight after passing [this]. . . . It seems almost certain 
that these prominent visual objects are the directing factors in the orienta- 
tion of the birds when approaching the island. 


Summary of Work on Nest Recognition 


The general method by which the birds reach their nests may be 
summarized as follows: Coming in from the sea, they direct their flight 
by the more conspicuous features of the island, the buildings, prominent 
bushes, ete. From these the direction is taken along the shore-line, or 
the edge of the cleared nesting area to the alighting place, which also 
offers prominent visual stimuli, From this the path to the nest is followed, 
either by a series of visual-motor habits built up around other nests, 
debris, etc., or by a series of kinesthetic-motor habits irrespective of ex- 
ternal stimuli. Study of orientation at night is practically impossible, both 
because of the difficulty of identifying the birds and, chiefly, because of 
their increased timidity. During the breeding season, however, the nights 
are never so dark as to render the chief landmarks invisible at close range 
and, with direction gained from these, the birds’ kinesthetic-motor habits 
are adequate for further orientation. 

The study of orientation in the nest locality has given no positive evi- 
dence upon the method of orientation at greater distances from the nest, 
but it does furnish two negative points of some importance. First, in the 
nest locality the birds are dependent upon visual and kinesthetic habits 
for orientation and show no evidence whatever of the possession of any 
special sense of locality, such as a magnetic sense, functional within short 
flights. Second, kinesthetic-motor habits are formed with no such rapidity 
as to suggest that the birds can retrace a path by memory of its successive 
directions and distances when these have been experienced only once. As 
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in all animals, vision tends to be replaced by kinesthesia as habits become 
fixed, but the process is relatively slow and plays no great part in orien- 
tation. 


RECOGNITION OF THE YOUNG 


Closely related to the problem of orientation and recognition of the 
nest in the terns is that of the recognition of the young, and in this respect 
the two species show much greater differences than in nest recognition. 
The noddies do not distinguish their own young from other young noddies 
and I have been unable to discover any difference in their active behavior 
toward either strange noddy or sooty young. 


Experiment 12. I placed a sooty chick, 24 hours old, in the nest of a noddy, 
taking out the noddy egg which was just hatching. The noddy came back to 
the nest and covered the young sooty immediately. I watched the nest at fre- 
quent intervals throughout the day. The noddy brooded the young sooty con- 
stantly, but was not seen to feed it. On the second and third days the noddies 
continued on the nest, but were not seen to feed the sooty, which on the third 
day was considerably smaller than other chicks of the same age. On the fourth 
day, when the noddies were driven from the nest, the chick was found dead, 
apparently from starvation. Another sooty chick, 4 days old, was placed in the 
nest. The noddies continued to brood it for 3 days. On the fourth day the 
chick was dead and the noddies had abandoned the nest. 


The noddies accept sooty chicks in exchange for their own young of 
any age, as was determined by a number of such substitutions. In no case, 
however, was a noddy seen to feed a young sooty. Apparently the peculiar 
behavior of the young noddy is required to call out from the adult the 
instinctive act of regurgitation and feeding. 


Experiment 13. Two 2-day-old noddy chicks were placed in a nest which 
already contained a 3-day chick. One of the younger chicks was white, the 
other black. The older chick was black. The adult noddy returned and covered 
the three chicks immediately. The nest was observed regularly for 15 days, 
when the work was interrupted by heavy storms. The three young chicks were 
fed by the single pair of adults and throve as well as chicks which were alone in 
the other nests. On the eleventh day one of the chicks disappeared. The others 
were still in the nest when observations were interrupted. 


During the first days after the hatching of the egg the noddies do not 
distinguish their own young from those of other birds and react to them 
only because of their presence in the nest. On the fourteenth day, or 
earlier, the young noddies leave the nest and lie hidden in the bushes 
during the day. In the evening they are fed, returning to the nest to meet 
their parents. Watson states that at this time the noddies distinguish 
their own young. I have no clear evidence upon this subject, but it seems 
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probable that, as in the case of the sooties, the recognition is rather due 
to a dovetailing of the habits of parents and young than to a visual or 
auditory recognition. 

Unlike the noddies, the sooties give prompt reaction both to the ap- 
pearance of the chicks and to the number of chicks in the nest. They will 
not usually accept noddies under any circumstances. In one instance a 
sooty which had been given a noddy egg hatched it and brooded the 
chick for a few hours in the morning, but in the evening both adult and 
chick were gone. Usually where a young noddy is placed in a sooty nest 
the old bird throws it out and drives it far away into the bushes. The 
reaction is to the visual stimulus, and is purely instinctive, as is shown 
by such results as the following: 


Experiment 14. (a) I interchanged a sooty egg, just ready to hatch, and a 
24-hour chick. The parent of the egg accepted the chick immediately. The other 
hesitated in covering the egg, looked about, walked to and fro for several 
minutes, and finally settled down upon the nest. 

(b) I replaced a pipped sooty egg with a noddy. The sooties attacked the 
young noddy and drove it from the nest. A third sooty from another nest came 
and helped in the attack and I was forced to interfere to save the chick’s life. 


Such reactions are by no means invariable. A sooty will sometimes 
refuse to accept a sooty chick in exchange for its egg or again will fail 
for some minutes to notice the presence of a young noddy in its nest; but 
in general the different appearance of the chicks of the two species calls 
out different instinctive behavior in the adult sooties. 

The greatest variation in the behavior of the adult sooties occurs in 
their reaction to strange chicks of their own species. Ordinarily they do 
not distinguish between their own young and other sooty chicks of about 
the same age during the first few days after hatching. 


Experiment 15. I placed a 3-day chick in a nest with another of the same 
age. The parent returned to the ground near the nest, rushed forward and 
threw out the nearest chick (her own), drove him into the bushes, then 
walked back and covered the other. I placed the abandoned chick in the nest 
with another of about the same age. One of the parents of this chick returned 
and accepted both young. Three days later both chicks were still in the nest. 


Chicks from 1 to 4 days of age may almost always be interchanged 
without inducing any marked change in their parents. Many such ex- 
changes were made and almost without exception the changelings were 
adopted without hesitation. Until the age of 4 days the sooty chicks are 
not recognized individually by their parents. At about that age a change 
takes place in the behavior of the young sooty. Before this time it feigns 
death when attacked by the adult birds or when removed from the nest 
to strange surroundings. On the fourth or fifth day it becomes much more 
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active, attempts to crawl out of the nest and hide in the bushes at the 
experimenter’s approach, and attempts to run away when attacked in 
the open by older sooties. After the age of 10 days it spends most of the 
daylight hours lying hidden among the weeds and bushes near the nest 
and comes out only in the evening to receive food from the parents. 
With its increasing activity it seems to form a set of habits with respect 
to its nest very similar to those of the adult birds. In its own nest it lies 
quiet when attacked by strange adults, which happens frequently, for 
the sooty rarely misses an opportunity to take a sly dig at her neighbor's 
chick; but outside its own nest the chick, after the fourth day, scrambles 
away actively when attacked. This seems to furnish the first criterion by 
which the adults recognize their own young. 


Experiment 16. (a) I interchanged a 1-day and 6-day chick. The parents 
at both nests were much disturbed, refused to cover their nests, and poked the 
young ones with their beaks. The younger chick lay still in her nest and after a 
short time seemed to have been adopted. The older chick started to run away 
and was immediately attacked savagely and driven away among the bushes. 

(b) I exchanged a 3-day chick and a 5-day chick. The younger bird was ac- 
cepted immediately by the parents of the other. They did not seem to note the 
change. When the adults returned to the other nest the 5-day chick ran away. 
They attacked it at once and drove it away to a distance of 4 feet, where it 
received so much abuse it gave up and refused to run further, feigning death. 
I returned it to the nest. The adults examined it and pushed it away roughly. 
This time it lay quite motionless, however, and the older birds, after driving 
away a trespasser, adopted it. 


The tendency of these chicks to run away from the strange nests no 
doubt determined the parents’ final action toward them. In the first ex- 
periment recorded here, the difference in the appearance of the chicks, 
differing in age by 5 days, was sufficient to cause some disturbance in 
the behavior of the parents, but was not great enough alone to cause 
the rejection of the chick. 

On the seventh or eighth day after the eggs hatched, the birds began 


to distinguish their own chicks from younger or older ones by their ap- 
pearance alone. 


Experiment 17. (a) A 2-day chick was placed in a nest instead of a 7-day 
chick which belonged there. The adults pulled it out of the nest and forced it 
to crawl away. It was immediately adopted by a bird whose nest had been 
robbed of a young chick upon the previous day. 

(b) A 1-day chick was placed in a nest instead of an 8-day chick. The 
parent of the 8-day chick returned and refused to cover the nest for 10 minutes. 
She continually pecked at the chick although not savagely. When she showed 
a tendency to leave the nest, I replaced the young bird with one 3 days old. 
The parent returned, pecked the chick, and when it started to run away, at- 
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tacked it furiously. Her own chick was replaced and accepted at once. After a 
time I substituted a 10-day chick for this one. It was attacked and driven away 
at once. 


The parent sooty here seemed to distinguish its own young, 8 days 
old, from 1-, 3-, and 10-day chicks which were substituted for it. But 
the recognition at this time is by no means certain, as is shown in the 
following observations: 


Experiment 18. A 6-day-old chick and a young egg were interchanged. The 
parent of the egg drove the chick away immediately. The nest from which the 
chick was taken was under a clump of bushes. The owner of the nest examined 
the egg, came out from under the bushes, went back and covered the egg, then 
came out again. She began to show an interest in the cries of her chick, which 
was being abused by the egg parent about 3 feet away. She went over and 
defended the chick, and finally covered it, about 4 feet from her own nest. . . . 

I placed a chick a very little larger than [a] 5-day chick in the nest under 
the bushes and a 5-day chick in the egg nest again. The parent started to de- 
fend her own chick in a half-hearted manner, caught sight of the chick in the 
nest, went to it and covered it. A moment later she drove it out of the nest 
and stood for 5 minutes in the empty nest. I put both chicks in her nest. She 
pecked the larger, but as it did not run away she covered both. 

Half an hour later both chicks were still in the nest. I placed the strange one 
in the egg nest, where it was promptly attacked. Its foster mother paid no 
attention to it, but went to her own chick and nest. I interchanged the chicks. 
She rushed to defend her chick, covered it, and paid no further attention to her 
own nest. 


The reactions of this adult bird are rather conflicting and hard to 
interpret, as is true, indeed, of much of the behavior of the birds in tests 
upon recognition of the young. Seemingly, there is here the beginning of 
recognition of the chick, based in part upon its appearance, in part upon 
its “feel” in the nest, its cries, and its reactions to the parent. None of these 
alone seems sufficient to form the basis of an absolutely positive recogni- 
tion, and it is probable that the conflicting behavior of the bird is due to 
the imperfect integration of some such groups of impulses as the fol- 
lowing: 

(a) Positive reaction to the appearance of the nest and its contents, 
and to the nest locality. 

(b) Disturbance of this caused by the changed appearance of the 
young and leading to greater sensitivity to other stimuli. 

(c) Positive reaction to feel of chick in the nest; this likewise dis- 
turbed by the substitution of the larger chick. 

(d) Positive reactions to the cries of the chick. 

(e) Defending reaction to the situation, chick attacked by adult. 
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(f) This defending reaction is established as a habit which temporarily 
exceeds even (a) in force. 

All these factors are apparent in the activities of this bird and stand out 
more or less clearly in the reactions of most of the sooties to their own 
and to other young. Recognition of the young at this stage thus appears 
to be the result, in part, of the pattern of visual and tactual stimuli offered 
by the chick; in part, of the behavior of the chick in the nest region 
(experiment 16). Complete recognition is the result of a complex of 
many sensory-motor reactions, not merely of a single type of stimu- 
ii...» 

Watson has shown that when the appearance of adult birds is com- 
pletely altered, as by painting their breasts and heads with brilliant colors, 
they are at first rejected by their mates, but this rejection is not per- 
manent and the disfigured birds are finally accepted by their mates by 
reason of their persistence in their normal activities in the region of their 
nests. The “recognition” through the interrelation of habits overcomes 
the disturbance produced by the changed visual situation. For the recog- 
nition of the young, the same complex of reactions must be established. 
The visual stimulus provided by the young at the nest calls out the normal 
brooding activities. A slight change in the appearance of the young inter- 
rupts the normal series of activities and leads to trial movements. If the 
situation remains otherwise unchanged—if the behavior of the young gives 
the customary series of stimuli-the changed appearance comes to be 
disregarded. 


INSTINCT AND HABIT IN THE NESTING ACTIVITIES 
Modifiability of Instinctive Activities 

The activities of the birds centering around the nest during the breed- 
ing season may be roughly divided into mating, selection of the nest site, 
construction of the nest, laying, incubation, and rearing of the young. 
During each of these periods a special group of instinctive acts is called 
into play and the behavior of the birds is modified quite suddenly at the 
transition from one period to the next, as in the sudden appearance of the 
constant brooding activities after the egg is laid. Watson found that birds 
which are quite timid become aggressive as soon as the egg is laid and 
either refuse to be driven from the nest or attack intruders actively. . . . 

I have obtained a small amount of evidence bearing upon this question, 
but the data are fragmentary and a great deal more time may be spent 
profitably upon this particular aspect of behavior. Owing to the lateness 
of the season when the work was begun no observations were obtained 
upon mating or the construction of the nest. 


Experiment 19. After some difficulty a newly completed noddy nest was 
found. The building activities of the owners had almost ceased, but no egg 
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had been laid and one bird was perched on a dead limb near the nest and the 
other was not in the neighborhood. A noddy egg was placed in the nest. This 
was early in the morning. No change in the activity of the bird at the nest was 
observed during the day. It disappeared occasionally, but did not show any 
reaction to the egg. The mate was not seen. 

On the following morning a bird was found brooding the egg. Its mate was 
on the dead limb near by. When I approached both birds defended the nest, 
the one on the perch flying into the air and striking at me, the sitter refusing 
to leave the nest. I caught the latter and marked it with a spot of paint. The 
marked bird was occupying the nest when it was observed later in the day. 

On the third day only the unmarked bird was seen at the nest. It spent the 
day sitting on the perch or on the edge of the nest, paying no attention to the 
egg. 
Be the fourth day the marked bird was again observed at the nest. Both birds 
were upon the nest, the marked one brooding the egg, the other standing on the 
edge of the nest. Both flew up at my approach. The marked bird returned 
immediately and covered the egg. The unmarked one returned, hovered about 
for a short time without alighting, and then flew out to sea. 

On the following day the marked bird was observed on the perch. At this 
time the unmarked bird was on the nest over the egg. For as long as I watched, 
this bird did not assume the brooding position, but stood upright and turned 
about, moved to the edge of the nest, and flew away rapidly when disturbed, 
thus showing the behavior of the layer rather than of the sitter. 

The marked bird was on the nest for the greater part of the sixth day. The 
unmarked bird was seen on the edge of the nest, but did not cover the egg. 

On the seventh day a second egg had been deposited and the unmarked 
bird spent the day in brooding the eggs. After this time the birds seemed to 
take turns regularly in brooding the eggs. 


In this case it seems clear that only one of the birds was stimulated to 
the brooding phase of activity by the sight of the egg. The other retained 
almost wholly the behavior of the layer up to the time when the second 
egg was deposited. There can be little doubt that this second bird was a 
female, that the stimulus in the case of the male was purely visual and 
tactual, while in the case of the female the act of laying was necessary 
before the brooding phase could appear. 

It is generally stated by the natives of the region that the sooty will lay 
a second egg if the first is taken from the nest. I was unable to verify 
this. The eggs were taken from ten nests and in no case was a second egg 
deposited; the nests were all abandoned after a few days. However, none 
of these nests was less than a week old, and it is possible that the loss of 
the egg at an early period may serve as a stimulus to further oviposition. 

An attempt was made to find out how long incubation might be inter- 
rupted by removal of the egg without leading to the abandonment of the 
nest. Eggs were taken from a number of nests and returned at regular 
intervals, from 0 hours to 4 days. Brooding activities were resumed by 
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the birds after 4 days. The experiment had to be interrupted here be- 
cause of stormy weather.’ From rough observations, however, I believe 
that after a week’s interruption the birds will not resume incubation. 
The time is certainly less than the time required for the loss of the 
brooding instinct of birds in captivity, as might be expected from the 
greater opportunity which free birds have to form new habits toward the 
colony. 

After the hatching of the egg the parental instinct seems to be even 
more dependent upon the stimulus of the chick in the nest. In some cases 
nests in which the chicks were removed seemed to be wholly abandoned 
after 48 hours. 

The second marked change in the behavior of the nesting birds occurs 
at the hatching of the eggs. The incubation period of the noddies is given 
by Watson as 32 to 35 days, that of the sooties as 26 days. I made attempts 
to shorten and to lengthen the time required for incubation in order to 
test the extent to which intraorganic factors are concerned in the changes 
from incubation to brooding activities. The experiments are very unsatis- 
factory, chiefly because the age of very few nests was known. 

Substitution of young chicks for noddy eggs of any age was not fol- 
lowed by any marked change in the behavior of the adult birds. They 
were never seen to attack the chicks, but I could not determine how soon 
such chicks are fed. It seems certain, however, that the incubation period 
of the noddy may be shortened by at least one-fourth without serious 
interference from an intraorganic rhythm. 

Attempts to shorten the incubation time of the sooties have not been 
carried out fully, but there is more evidence that the length of the incu- 
bation period is determined, to some extent, by internal factors. Parents 
whose eggs are less than two weeks old will not adopt young chicks. The 
data at hand are not conclusive beyond this point. Adults whose eggs 
are pipped will sometimes refuse to accept young birds in exchange for 
them, but usually during the last week of incubation such changes may 
be made without difficulty. 

The period of incubation may be also lengthened to some extent, but 
this differs in different birds and its limit was not determined. 

In some 10 nests younger eggs were substituted for pipped ones. After 
2 days one of the nests was abandoned. During the following 5 days 6 of 
the eggs hatched. The remaining birds were still sitting at the end of 
77 days, when observations had to be discontinued. 

A dead egg was substituted for a pipped one, somewhat earlier in the 

5 Experimental work with the colony was made almost impossible during the last 10 days 
of June, at a time when the young birds were in the most interesting stage of development. 
High winds and heavy rains, with a considerable lowering of the temperature, made it 


advisable to disturb the colony as little as possible, as the birds frightened up from the 
ground were instantly blown far out to sea and at times could not regain the island for hours. 
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season. Upon the following day it was found that the parents had adopted 
a 3-day-old chick and were brooding both it and the egg. 

This observation and the abandonment of the single nest in the other 
experiment suggest that the length of the incubation period is conditioned 
by an internal rhythm, which does not determine, however, an exact 
period of 26 days, but permits a range of variation of 2 weeks or more 
around this period. 


Integration of Complex Habits 


Two of the most striking features in the colonial life and behavior of 
the terns are the enormous number of habits which they exhibit and the 
disconnected, impulsive character of their activities. The number of 
habits involved in the process of orientation has been illustrated in the 
earlier experiments. By the time that the experimental work had been 
carried far enough to give an insight into the mechanism of orientation 
the eggs were laid and the birds had been reacting to the situation at the 
nest for some weeks. Hence there was little opportunity for such study of 
the formation of the habit complexes. In general, as might be expected in 
a colonial bird, the most definite and firmly established reactions are 
associated with other birds or their nests. The chief landmarks used by 
many sooties for the final location of their nests are the nests of their 
neighbors, and it is apparent that the presence of these neighbors, de- 
fending their nest areas, tends to give a greater stimulating value to the 
nests. The birds whose nests were in very crowded areas showed a much 
lower plasticity in adapting to changed conditions than those whose nests 
were somewhat isolated, hesitating to occupy nests only a few inches 
from their own nest sites and offering little defense of such nests against 
trespassers. The behavior of the birds suggests that in the early part of 
the nesting season exchanges of nests must be of relatively frequent 
occurrence. An interesting example of the diffidence of the birds in 
appropriating new nests is given in the following: 


Two sooty nests, 18 inches apart, were obliterated and both eggs were placed 
in a new nest half way between them. The parents of both eggs returned to 
their nest sites, missed the eggs, and began to look about for them, One caught 
sight of the eggs in the new nest and covered them. The other at once drove 
her off and took the nest. The first, after standing for a few moments at her 
nest, returned to the new nest and drove off the second. This was repeated 
several times, the bird occupying the nest offering little resistance to the at- 
tacks of the other but returning fiercely to the attack after a visit to her own 
empty nest. Finally one bird rolled an egg back to its nest and both settled 
down contentedly. 


In small matters, such as changes of a few inches in the position of the 
nest, changes in the appearancı the egg, young, or nest, the habits of 
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the birds may be quite readily modified, but this seems to hold true only 
within certain limits. Many attempts were made to shift nests to the edge 
of the beach with the purpose of transferring them to rafts in the hope of 
ultimately transplanting a part of the colony to other keys, but however 
slowly such shifts were made (6 inches or so per day) the nests were 
either abandoned when moved 4 feet or less from their original position, 
or the eggs were rolled back as fast as they could be moved forward. 


Note: This moving of the egg back to the original position of the nest has 
been mentioned before in connection with other experiments. It might seem to 
involve very complex processes, memory of the relative position of the egg and 
nest and an attempt to restore their relation. I watched the entire procedure in 
a dozen or more instances and believe that there is little implicit behavior in- 
volved in it. The bird, returning to the empty nest, misses the egg, looks about, 
and catches sight of it a few inches away. She starts toward it rapidly, but goes 
more and more slowly as she approaches, sometimes turning back before reach- 
ing it. Perhaps after several such hesitating starts she gets close to the egg, 
stops as soon as she can reach it with her beak and rolls it back under her body. 
In this way the egg is moved for 2 or 3 inches at each trip from the old nest 
site to the egg. That it is moved in the direction of the old nest site seems to 
be the result of the fact that the bird always faces away from the latter as she 
approaches the egg. There is no real evidence of implicit behavior in this case, 
even of a delayed reaction in which orientation is held as the egg is moved. 


In all its activities, where reaction to a new situation is involved the 
behavior of the birds has a peculiarly impulsive character. One group of 
stimuli seems to gain momentary control and determine the bird’s reaction 
in spite of contradictory elements in the situation as a whole. If a chick is 
taken from its nest and put down among strange adults they are at once 
attracted by its cries and crowd around it. Several of them attack it and 
immediately others rush forward to defend it. The fight becomes general 
and may give the chick a chance to escape. After a time some of the 
adults are driven away and leave the victors to strut about. If one of 
these catches sight of the chick, he attacks it and the fight is soon renewed. 
I have seen the same bird alternately attack and defend a chick through 
a number of fights; the sight of the strange chick calls out movements of 
attack; the sight of an adult attacking a chick calls for defense of the 
chick. Young chicks, when attacked by adults, either feign death or sprawl 
about helplessly, without being able to escape. In the latter case they 
sometimes force their way under the body of the adult. When this hap- 
pens it practically always produces a marked change in the behavior of 
the adult bird. His aggressive attitude drops away suddenly, he shuffles 
about for an instant, looks down at the chick, tucks it under him with 
his beak, and assumes the brooding position. If he is at some distance 
from his nest his brooding reaction is of short duration; he soon grows 
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restless, gets up and turns around several times, and finally returns and 
attacks the chick with renewed savagery. 

The same lack of coordination in reactions to complex situations is seen 
in the choice between two nests, in the reorientation in the path to the 
nest, and in the reaction to changes in the appearance of the path. The 
reactions are to separate groups of stimuli and there is clearly no analysis 
of the situation as a whole. The birds do what a man would only consider 
doing under like circumstances; that is, they carry out in overt activity 
many of the same processes which in man are restricted to the language 
mechanism. In subjective terms, they show little or no evidence of 
“ideational processes” in their activities. 


P. INHERITANCE IN THE ASEXUAL 
REPRODUCTION OF 
HYDRA VIRIDIS: 


Do heritable variations commonly occur among the offspring of a single 
individual multiplying asexually? May selection among such offspring 
produce strains differing in hereditary characters? The investigation here 
resumed is designed to contribute data toward the answer to these much 
debated questions. 

A number of specimens of Hydra viridis, taken at random from wild 
populations, gave rise by asexual reproduction to clones differing from 
one another in their average number of tentacles and in other characters. 
As a test of whether such differences are the result of internal factors or 
of environmental differences two clones were bred in large numbers for 
a period of five months, during which time the members of the two clones 
were kept under environmental conditions as nearly as possible the same. 
Each polyp was kept in a separate culture dish and food was distributed 
uniformly to all. The number of tentacles was recorded at the time when 
the polyps began their independent life after separation from the parents 
(the initial number of tentacles), and records were kept, also, of changes 
in the number of tentacles of parents. 

The two clones kept under parallel conditions gave the following re- 
sults. The average number of tentacles of 1,353 members of one clone 
(A) bred during the first three months was 6.463 + 0.013; the average 
number of tentacles of 1,395 members of the other (D) was 5.793 + 
0.011; the difference between these averages is 0.724 + 0.017. At the 
end of three months a single polyp was taken from each clone and used 
to found another clone. The average number of tentacles of the subordi- 
nate clone obtained in this way from clone A was 6.907 + 0.026; that of 
the clone derived from D was 5.844 + 0.029; the difference is 1.063 + 


1 EDITORS’ NOTE: From Proc. nat. Acad. Sci. Wash., 1915, 1, 298-301, Reproduced by 
permission of the ional Academy of Sciences. Presented to the Academy, March 17, 1915. 
From the zoological laboratory, the Johns Hopkins University 
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0.039, in the same direction as before. At different times during the 
history of the clones the number of tentacles of the buds fluctuated con- 
siderably, but the difference between the averages of the buds produced 
at the same time by the two remained fairly constant. The minimum dif- 
ference in any one week of cultivation was 0.449 + 0.042, the maximum 
difference, 1.063 + 0.039. Small groups of polyps from the two clones 
were kept in mass cultures under partly controlled environmental condi- 
tions, such as reduced food supply. Under such conditions the difference 
persisted so long as the two clones were kept under the same environment. 

These clones differed in other respects besides the average number of 
tentacles. The polyps of clone A were, on the average, more than twice 
as large as those of clone D, the average for the two being: A = 0.869 + 
0.021 cu. mm; D = 0.322 + 0.022 cu. mm; the average difference is 
0.547 = 0.023 cu. mm. Polyps of clone A began to produce buds at an 
average age of 3.74 + 0.074 days, those of clone D at 4.81 + 0.10 days, 
a difference of 1.06 = 0.13 days in the average age at reproductive 
maturity. 

At no time during their history did the two clones show an identity of 
characters. There were no constant differences in the environmental con- 
ditions under which they were cultivated and it is certain that the differ- 
ences between the clones were the result of some internal factors. The 
clones represented hereditarily diverse races. Other diverse races showing 
somewhat less well marked differences have been found and seem to be 
of rather frequent occurrence in wild populations. No direct evidence 
upon the origin of such diverse races or their relation to sexual reproduc- 
tion has been obtained. 

The inheritance of variations in the number of tentacles within the 
clone was studied by statistical methods and by the continued selection of 
variates, A comparison of the variations in the initial number of tentacles 
of parent and offspring by the use of the coefficient of correlation shows 
no significant resemblance between parent and offspring. The coefficients 
obtained are such as the following: 


No. of parents No. of offspring Coefficient of correlation 
251 1395 0.0038 + 0.018 
78 439 —0.0342 + 0.032 
164 859 0.0011 + 0.023 
28 204 0.0314 + 0.047 
18 153 —0.2420 + 0.051 
51 154 —0.0750 + 0.054 
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As is well known, the number of tentacles of Hydra changes during the 
life of the individual. When the number of tentacles of each bud is com- 
pared with the number borne by the parent at the time when the bud was 
produced there is a slight correlation in the variations of parent and 
offspring. For the first clone recorded above this is 0.096 + 0.016. 
There is also a slight positive correlation in the variations of the buds 
produced by a single parent, as is shown by the following: 


No. of pairings Fraternal coefficient of correlation 
12099 0.161 + 0.004 
10766 0.077 + 0.006 


A study of the relation of variations in the number of tentacles to 
environmental changes shows that unfavorable conditions tend to reduce, 
or to prevent increase in, the number of tentacles of parents and at the 
same time lead to a reduction in the number of tentacles of the offspring 
of these parents. Thus, wherever diversities of environment occur in 
cultures of Hydra there should be produced a likeness between parent 
and offspring that is not the result of heredity. To test this, the period of 
cultivation of the two clones giving the above fraternal correlations was 
divided arbitrarily into five-day periods and the buds produced within 
each of these periods were compared. From this comparison it appears 
that unrelated buds produced under like conditions of cultivation re- 
semble each other as much as do the offspring from a single parent. The 


coefficients of correlation between the unrelated buds produced at the 
same time were: 


No. of pairings Coefficient of correlation 
95141 0.0774 + 0.0015 
101872 0.1313 + 0.0014 


It thus appears that the slight resemblance found between parent and 
offspring and between members of the same fraternity within the clone 
may be due either to an inheritance of variations or to the like action of 
environment upon individuals produced at nearly the same time. Sta- 
tistical methods do not suffice to distinguish between the two possibilities. 

Twenty-five variates from a single clone were selected for seven or 
more tentacles, and twenty-five for six or less, the mean of the clone lying 
between six and seven. Selection was continued for six or more genera- 
tions. At the end of this time records were kept of all buds produced by 
the last selected generation. Those produced by parents from the series 
selected for few tentacles were found to have somewhat fewer tentacles 
than those from parents of the other series, but the difference appeared 
only in the first six buds and did not persist in the later buds produced 
by the same parents. The average number of tentacles of the first six and 
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of later buds produced by the last selected generation is shown in the 
following table: 


Buds of the Last Selected Generation 


Average of all First six Later buds 
Selected for many tentacles 6.695 + 0.023 6.677 + 0.029 6.712 + 0.030 
Selected for few tentacles 6.605 + 0.026 6.460 + 0.034 6.782 + 0.037 
Difference 0.090 + 0.035 0.217 + 0.044 —0.070 + 0.047 


Continued selection at first seemed to have produced a change in the 
hereditary character of the two groups but this did not persist even 
through a single generation. Complete regression appeared as soon as 
the polyps reached maturity. 

An almost identical result was obtained in an earlier experiment on the 
effects of injury. Polyps which had regenerated the mouth and tentacles 
showed a marked reduction in the number of tentacles of the buds which 
they produced immediately after regeneration, but the average number of 
tentacles of successive buds formed after regeneration increased until at 
the end of two weeks, when four to eight buds had been produced, the 
polyps had returned to the normal condition of the clone from which 
they were derived. 

The similarity of these results makes it certain that the only effect of 
selection was a temporary change in the vigor of the selected polyps (the 
selection of individuals with few tentacles involving the selection of 
weaker polyps) and that there is no cumulative inheritance of variations 
in the number of tentacles within the clone. Races of Hydra differing in 
their hereditary number of tentacles exist but individual variations do not 
involve changes in the hereditary constitution of such races. 

Some evidence that the same conclusions apply to the inheritance of 
size was obtained, but the relation of variations in size to environmental 
changes has not been investigated thoroughly. 


3. REFLEX SECRETION OF THE HUMAN 
PAROTID GLAND’ 


Discovery of the importance of internal secretions for physiological psy- 
chology is leading to a widespread interest in the conditions governing 
secretion. The difficulties of studying the activity of the ductless glands in 
man are at present almost insurmountable and their relation to the nervous 
mechanism and to the changing habit systems of the individual must be 
judged largely from the conditions in other animals or from analogy with 
such glands as can be studied directly in man. In an earlier paper I have 
summarized the work which has been done upon the reflex secretion of 
the human salivary glands and outlined the problems of psychology which 
a study of human salivary reactions may help to solve. The chief interest of 
these glandular reactions for psychology lies in the complex nature of 
some stimuli to secretion and in the formation of conditioned reflexes 
(habits of secretion). Before a study of these complex activities can be 
undertaken it is necessary that we have a fairly complete knowledge of 
the simpler stimuli influencing secretion. The existing studies of uncon- 
ditioned secretion in man are too incomplete to give this and are, hence, 
inadequate as a foundation for work upon conditioned reflexes, The 
experiments reported in the following pages were undertaken in prepara- 
tion for a study of the relation of secretion to the more complex activities 
of the individual and have been directed, primarily, toward the discovery 
of the stimuli which may influence the secretion of the parotid gland 
directly or indirectly. While the data obtained are largely physiological, 
some of the reactions observed seem to rival the complexities of the 
language mechanism and place the topic of reflex secretion very near 
the border line between the sciences of physiology and psychology. 


For suggestions concerning the general plan of the work I am indebted to 
Professor J. B. Watson. In many of the tests, also, in which more than one 
observer was required and in those in which I have acted as subject he has 
given generously of his time in conducting the experiments. 

1 EDITORS’ NOTE: From J. exp. Psychol., 1916, 1, 461-493, Reproduced by permission of 


the American Psychological Association. From the department of psychology, the Johns 
Hopkins University. 
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Technique 


The only method of obtaining the secretion of the parotid gland in normal 
human subjects that has been used by physiologists is that of draining off the 
saliva from a small canula inserted into the mouth of Stenson’s duct. As Oren- 
stein (12) states, this method is not very suitable for quantitative work fo. the 
reason that one never can be sure that some of the secretion is not leaking past 
the canula. The expanding walls of the duct also frequently let the canula slip 
out. A few tests with small canulas quickly convinced me that the method is 
not practicable for long-continued work. . 

Finally the instrument shown in Fig. 3.1 was devised and has proved quite 
satisfactory for the study of the secretion of the parotid gland. It consists of a 
metal disc 18 mm. in diameter in which two concentric chambers, a and b, 
are cut. The inner of these is 10 mm. in diameter and 3 mm. deep; the outer, in 
the form of a circular groove, is 2 mm. wide and 3 mm. in depth. The two 


Fig. 3.1. Drainage tube used for collecting the secretion from Stenson’s, 
duct, i 


chambers open through the back of the disc into two separate tubes, c and d, 
of about 2 mm. bore and 15 cm. length. The tubes are of silver, soft-drawn for 
greater flexibility, and the disc is heavily silver-plated. In use, the instrument 
is placed against the inner surface of the cheek so that the central chamber 
Covers the mouth of Stenson’s duct and the air is exhausted from the outer 
chamber by a suction pump, when the disc clings tightly to the cheek. The 
Saliva is free to flow into the central chamber and thence through the tube, c, 
to a suitable measuring device, without constriction of the duct or unusual re- 
sistance, When the mouth is closed the tubes lie between the cheek and the 
Upper molars and pass out through the corner of the mouth. The instrument 
interferes little with talking or eating and may be worn for several hours without 
IScomfort. . . 

For the submaxillary glands a slight modification of the instrument has 
Proved fairly useful. In this the tubes are directed at right angles to the surface 
of the disc and are bent sharply to pass over the lower incisors. The close 
Proximity of the mouths of Wharton’s ducts to the mandible makes it necessary 
to have the central chamber eccentric so that the suction chamber is reduced to 
a width of 0.5 mm. on the side next to the mandible. The ducts of the two 
submaxillary glands open so close together that both must be covered by the 
instrument and their secretions can not be obtained separately. The great 
Sensitivity of the mucosa of this region and the necessity for depressing the 
tongue in swallowing make this instrument less satisfactory than that for the 
Parotid. 
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Various methods of recording the quantity of secretion have been tried, 
but for the present work the mere counting of the drops as they fall from the 
drainage tube has seemed sufficiently accurate. The drops vary in size with 
changes in the rate of secretion and the viscosity of the saliva. With the drainage 
tube used in the greater part of the work the size of the drops varies from a 
minimum of 0.06 c.c. to a maximum of 0.07 c.c. with extreme changes in the 
viscosity of the secretion. For more detailed study of the quantitative relations 
of the secretion than has been undertaken here measurements of both the 
quantity and chemical composition of the saliva will be necessary. 


The Normal Rate of Secretion of the Parotid 


Before the rate of secretion of the parotid in the absence of extero- 
stimulation can be determined the stimulating effect of the method of 
collecting the saliva must be tested. Where a fistula exists, such stimula- 
tion is improbable but where a canula or suction cup is placed in the 
mouth some excitatory effect is to be expected. The effect of mechanical 
stimulation from the drainage tube can be tested only indirectly; and 
excitation from the suction cup described earlier seems ruled out by the 
following facts: (a) The presence of a large glass rod or other tasteless 
object in the cheek with the drainage tube does not increase the rate of 
secretion. (b) Mechanical stimulation of the cheek and gums, where not 
covered by the drainage tube, does not call out reflex secretion until it 
becomes strong enough to excite reflex avoiding movements. (c) Manipu- 
lation of the drainage tube after adjustment, while it may force out a few 
drops of secretion from the receiving chamber, does not increase the 
rate of secretion as measured in successive minutes. From this evidence 
it seems safe to conclude that the secretion collected from the drainage 
tube represents fairly the normal secretion of the gland. 


The data shown in the table can not be considered as showing the rate 
of secretion in the absence of stimulation. Marked extraorganic stimulation is 
lacking but the gland is subject to almost constant stimulation from the re- 
ceptors of the mouth and throat. Table 3.2 shows the variations in the rate of 
secretion in a subject remaining quiet for twenty minutes and partially inhibit- 
ing the swallowing reflex. Swallowing is seen to result in an accelerated flow, 
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Table 3.1. Rate of Secretion of the Left Parotid Gland without 


Extero-stimulation 
ene a a eee 
Subject 
re. Secretion, c.c. 
Age Sex per hour Condition of test 
26 ê 3.81 11:30 a.m. No food for 12 hours 
7.74 1:00 P.M. After lunch 
35 8 1.47 12:00 a.M. Before lunch 
1.98 1:00 p.m. After lunch 
38 ô 3.47 1:30 r.m. Under alcohol 
3.24 11:30 a.m. Before lunch 
6.98 2:00 p.m. After lunch 
24 é 1.90 9:00 a.m. No breakfast 
1.30 5:00 r.m. Before dinner 
3.00 7:00 p.m. After dinner 
25 g 0.39 11:30 a.m. Before lunch 
0.65 1:30 p.m. After lunch 
1.19 10:00 a.m. Two weeks later 
27 g 4.64 12:00 Before lunch 
6.60 1:00 p.m. After lunch 
8 8 0.60 3:30 p.m. 
12 g 0.43 4:00 P.M. 


a 


persisting for some minutes, and movements of the body also seem to have a 


slight stimulating effect.* 

In some subjects, when particularly quiet, the activity of the parotid may 
Cease completely for five or more minutes. Whether this is due to the absence 
Of stimulation or to some inhibitory process is difficult to determine. The data 
Upon paralytic secretion show that after destruction of its nerve supply the sub- 
maxillary gland continues to secrete for some months until it finally degenerates. 
Bradford (4) failed to obtain this paralytic secretion from the parotid in dogs 
Whence it seems that in the absence of stimulation the parotid does not 
Secrete, No observations on man after section of the nerve supply of these 
glands are available. 


j The Relative Activity of the Two Parotid Glands. Colin (8) states that 
in the ruminants the parotid glands function alternatively, not only when 
food is being chewed on one side of the mouth but even in the absence of 
food. In man, for the most part, the glands secrete equally and simul- 
taneously, Drainage tubes were placed over both of Stenson’s ducts and 
the subject was allowed to remain without extero-stimulation for fifteen 
minutes. The average number of drops per minute secreted by the two 


2 
P om the tests reported later in this paper it seems probable that the apparent excitatory 
of shifting the position really acts by removing the inhibitory effect of muscular tension, 
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Table 3.2. Variations in the Rate of Secretion Due to Swallowing 
eee sees 


Drop Time ° Drop Time ° Drop Time ® Drop Time ® 
J 13 60 25 80 35 55 
2 4 14 73 26 120 36 145 
3 4 15 152 27 185 37 155 
4 9 16 135 28 215 38 155 
5 13 17 173 29 209 39 110 
6 10 18 204 Shifted position 40 67 
T 10 19 125 Swallowed 
8 15 Swallowed 30 88 al 15 
Sucked cheeks 20 7 Swallowed 42 15 
9 10 21 4 31 19 43 56 
109 22 16 32 14 4 67 
11 31 23 30 33 30 45 83 
12 39 24 38 34 20 46 172 


° The figures represent the time in seconds intervening between the formation of suc- 
cessive drops. The rapid rate at first is the result of an acid stimulus given to make sure that 
the instrument was properly adjusted. 


glands was: right parotid 1.92; left parotid 1.92 drops. The quantity of 
secretion from the two glands was thus almost exactly the same (the 
ratio in the size of the drops from the two drainage tubes being as 49 to 
50) and the variations in rate were the same for both. Table 3.3 shows 
the relative reactions of the two glands to various stimuli. The reactions 
of the left seem to be somewhat more vigorous than those of the right, 
which accords with the fact that the subject habitually chews on the left. 
Bilateral stimulation affects both glands equally. Stimulation of one side 
of the mouth stimulates the gland of that side to a greater extent than 
the other. Each gland seems to be most intimately associated with the 
receptors of its own side. 


Reflex Secretion to Stimulation of the Mouth 

The direct reflex of the parotid seems to be excited only by stimula- 
tion of the receptors within the digestive tract, chiefly those within the 
mouth. A number of diverse stimuli applied here will excite the reac- 
tion and the chief problems are concerned with the distribution of sensi- 
tive areas and the quantitative relations of the secretion. 

Thermal Sensitivity. Wulfson,? Popielski (14), and Brunacci (5) have 
raised the question of the excitability of the parotid by thermal stimuli. 
The work of the latter shows excitability only by temperatures above 
55 and below 15 degrees Centigrade. These results are confirmed by the 
following results of my own. 

3 Cited from Babkin (2). 
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Table 3.3. A Comparison of the Activity of the Right and Left Parotid Glands ° 


EEE! 


Total secretion in drops Time required for 
the secretion 


Stimulus Right Left recorded, min. 

No stimulation 29 29 15 
Chewing tasteless cube: 

Between incisors 13 16 2 

Between right molars 15 6 2 

Between left molars 4 19 2 

Between right and left molars 14 17 2 
Sodium chloride, 10% solution: 

Uniformly distributed 18 20 2 

In right cheek 6 6 1 

In left check 8 8 1 


Hydrochloric acid, 2.50%: 


On right side of tongue 19 12 1 
On left side of tongue 12 30 1 
In right cheek 15 7 1 
In left cheek 4 12 1 
Uniformly distributed 19 21 1 
Tongue scraped with pointed rod: 

Right side 6 8 1 

6 10 1 


Left side 


° The ratio of size of the drops from the right and left sides is 49 to 50. 


The subject, L, whose normal rate of secretion from the left parotid 
during experiments is about 1 drop per minute, was required to take 
three sips of water (about 10 c.c.) in quick succession at each of the 
following temperatures. The number of drops secreted during the three 
minutes following stimulation was recorded as follows: 


Temperature of water, 
degrees 
66 
61 
55 
52 
41 
36.5 
25 
18 
13 
10 
0 


Drops of saliva 
13 
10 


= 
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Increased secretion above that resulting from mechanical stimulation 
of the mucosa appears only with temperatures above 55 and below 18 
degrees. These are well beyond the limits determined by Head and 
Sherren (9) for protopathic sensation and suggest the absence of any 
direct reflex connection between the thermal receptors of the mouth and 
the parotid glands. 

Mechanical Sensitivity. Mechanical stimulation of the oral mucosa is 
considered by most investigators to be an efficient excitant of parotid 
secretion. A careful test of this without interfering stimuli and with the 
possibility of conditioned reflexes reduced has failed to confirm this view. 
Table 3.4 shows the reflex secretion from the left parotid gland obtained 
from two subjects after mechanical stimulation of the mouth, Stimulation 
of restricted areas of the mucosa is seen to have little effect except at 
the back of the tongue and soft palate, where nausea is produced. Some 
summation of stimuli is apparent in stimulation of the tip of the tongue 
with a stiff brush, the individual bristles of which gave less violent stimu- 
lation than the sharp points of the dividers. In general it seems that very 
little reflex secretion is obtained from the parotid in response to mechani- 
cal stimuli. 

The Effects of Chewing. The experimental literature shows little 
agreement as to the excitatory effects of chewing movements upon the 
parotid and no one has attempted an analysis of the relative influence of 
the different end organs stimulated when some solid object is chewed. 
A few tests of the effects of chewing convinced me that the adequate 
stimulus is more complex than any of the previous workers has suggested. 
A series of experiments was made to distinguish the elements in the con- 
stellation of stimuli involved in chewing that are effective in exciting 
secretion, The tests are summarized in Table 3.5. From the data in this 
and the preceding table the following conclusions seem justified: (a) 
Contractions of the muscles of the mandible or changes in the tension of 
its ligaments do not excite secretion. (b) Pressure on the teeth is, alone, 
not an effective stimulus. (c) No amount of mechanical stimulation of 
the mucosa excites as much secretion as light contraction of the teeth 
upon a foreign object. Chewing does not excite secretion solely by stimu- 
lation of the mucosa. (d) Combined mechanical stimulation of the tongue 
and pressure on the teeth are not so effective as less violent stimulation 
of the same sort when some object is held between the teeth. (e) Active 


secretion is excited by the presence of a foreign object held between 
the teeth, 


The reaction seems to be to the total situation rather than to any simple 
stimulus. The following observation is especially difficult to explain as a reaction 
to a simple stimulus. With lips drawn back and tongue depressed the subject 
apposed the first pair of incisors on the left and continued strong rhythmic con- 
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Table 3.4. Reactions to Mechanical Stimulation of the Oral Mucosa ° 


Secretion 
eS ne — 
Before During 
Subject Stimulus stimulation stimulation 
H Blunt glass rod rubbed against: 
Lower lip 0 0 
Tip of tongue 0 0 
Side and back of tongue 1 uy 
[Side and back of tongue] 
with tongue-movements 0 1 
Soft palate 1 2 
L (Stimulus applied for 30 seconds) 
Blunt ivory rod rubbed against: 
Lips 3 2 
Tip of tongue 2 5 
Middle of tongue 2 5 
Back of tongue 2 12 
Gums at right 2 5 
Hard palate 2 8 
Soft palate (nausea) 2 13 
Stimulation with points of dividers: 
Lips 2 2 
Tip of tongue 2 3 
Middle of tongue 2 5 
Hard palate 2 5 
Stimulation with stiff brush: 
Tip of tongue 3 7 
Middle of tongue 2 9 
Stimulation with tasteless cube: 
Lower surface of tongue 2 3 
Rubbed violently between tongue and 
left molars 5 
Between tongue and hard palate 2 4 
Stimulation with 1 c.c. of fine sand rubbed 
8 


between tongue and hard palate 


o A r 
ae effect of the stimulus is shown by the increase in secretion between the minute 
e and the minute during stimulation. 


oe of the masseters for two minutes, exerting considerable pressure on the 
ne and breathing the while through the nose. In the two minutes preceding 
Gen movements 3 drops of saliva were secreted; in the two minutes during 
ea ng 4 drops. A disc of hard rubber 2 mm. in thickness was then placed 

een the same two incisors without contact with the lips or tongue and the 
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Table 3.5. Experiments on the Stimulus from Chewing ° 


—_—.  —s— 


Secretion 
ee 
Before stimula- During stimula- 
tion, min. tion, min. 
Stimulus 1 2 1 2 


Ss M 


Chewing movements with contact on nor- 


mal facets 3 3 3 3 
Chewing without contact between teeth 4 5 4 5 
Rhythmic contraction of masseters, mouth 

closed 4 3 3 3 
Chewing movements with contact on un- 

used facets 3 3 3 3 
Tongue chewed violently between left 

molars 3 2 10 2 


Tongue chewed violently between right 


molars 8 2 5 z 
Foreign object in the mouth 


(For stimulation of mucosa see 
Table 3.4) 


Hard rubber cube held lightly between 


second molars on left 1 1 A l 
Same, [except] gripped tightly 2 2 10 2 
Same, [except] chewed lightly 4 l 18 1 
Same, [except] chewed violently 2 2 38 2 


as continued in each case for one minute. The total number of drops 
secreted by the left parotid during and after stimulation until the rate returned to normal 
i mber of drops secreted during an equal time before 
was depressed and unstimulated except where noted. 


chewing rhythm was renewed with the same strength as before. In the two min- 
utes preceding chewing 4 drops of saliva were secreted; in the two minutes 
during chewing 13 drops. The stimuli added to the local situation by the hard 
rubber disc were first, tactile, from the particular type of mechanical stimula- 
tion transmitted through the teeth, and second, kinesthetic, from the slightly 
greater separation of the jaws by the disc. The last is ruled out by further tests 
with discs of different thickness, to all of which the gland secreted equally. It is 
not possible to distinguish between the elements of the tactile stimulation at 
present. Irregular and varying pressure on the teeth is not alone an effective 
stimulus. The stimulus to secretion seems to be no less complex than that by 
which knowledge of a foreign object between the teeth is gained. 

Colin (8) and Zebrowski (16) have found that chewing on one side of the 
mouth excites chiefly the gland of that side. My observations bring out the addi- 
tional fact that when chewing occurs on both sides at the same time, less secre- 
tion is produced than when one side only is stimulated. 
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Two equal cubes of hard rubber were used with the drainage tube on the left 
Stenson’s duct. One cube was placed between the left second molars, chewed 
for two minutes, and then removed. When the rate of secretion returned to 
normal both cubes were placed between the second molars on the right and 
left respectively and chewed for two minutes. This was repeated three times 
with the following results: 


Drops of secretion 


Stimulus per min. 
Cube on left 12.0 
Cubes on left and right 5.0 
7.0 


Cube on left 


Cubes on left and right 3.0 
Cube on left 8.0 
Cubes on left and right 2.0 
Average, cube on left 9.0 
Average, cubes on left and right 3.3 


The reduction of secretion with bilateral stimulation must be due either to an 
inhibitory effect of stimulation of the molars of one side upon the gland of the 
opposite side, or to some peculiarly effective stimulus arising from asymmetrical 
movements. Unequal tension on the ligaments of the jaw seemed to fulfill the 
latter alternative but both passive and active twisting of the jaw are alone with- 
out effect so that alterations in the tension of the ligaments seem excluded. 


The stimulus offered by chewing has been dwelt upon at some length 
haps better than any other, the 


because the reaction to it illustrates, per 
complex integration involved in the salivary reflex. Chewing upon a taste- 
less object excites profuse secretion yet no single element in the complex 
of stimuli is capable of calling out any marked reaction. The reflex secre- 
tion to the stimulus of chewing can not be considered the sum of lesser 
reactions to the individual components of the stimulus; it is rather a 
reaction to a particular pattern of stimuli, occurring not at all when any 
element of the pattern is omitted. This pattern seems no less complex 
than that by which we recognize the presence of an object between the 
teeth. The reaction is, however, dissociated from the language mechanism 
in that it is automatically adjusted to the position of the foreign object 
in the mouth and is not conditioned by the ordinary inhibitory processes 
which affect the reactions of striped-muscle. 

There is some evidence for an equal complexity in other unconditioned 
salivary reflexes, particularly in the relations of the stimuli to reflex swal- 
lowing and to secretion but the analysis of these is as yet incomplete. 

Reactions to Gustatory Stimuli. A number of extensive studies of reflex 
Secretion to gustatory stimuli have been made. Those of Popielski (14) 
and Zebrowski (16) are the most complete available. Sensitivity to acids, 
salts, alkalis, fats, and to a large number of food substances has been 
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demonstrated. Popielski has shown that the quantity of secretion elicited 
by an acid is rather accurately proportional to the degree of ionization of 
the acid but failed to obtain any uniformity in the reactions to other sub- 
stances. From tests with sand and water he concluded that the amount 
of secretion is directly proportional to the quantity of the stimulus-sub- 
stance used. Zebrowski, from experiments in which his subjects chewed 
and swallowed measured quantities of bread, concluded that the amount 
of secretion is proportional to the Square root of the intensity of the 
stimulus. Brunacci (5) points out the complexity of the stimulus involved 
here and thinks that the ratio applies only to the particular case. . . . 

The Relation of the Quantity of Secretion to the Intensity of the 
Stimulus. The difficulties in the determination of the excitatory effects of 
different concentrations of chemical solutions are practically the same as 
those met with in the study of the effects of different quantities. The 
experiments on man have shown no more than that strong solutions are 
more effective salivating agents than weak ones. Accurate results have 
been made almost impossible by the difficulty in removing the stimulating 
agent from the tongue at a specified time, the presence of a constant secre- 
tion after strong stimulation of the gland, and the possibility of paralysis 
of the receptors by high concentrations of the solutions. 


The last of these is illustrated by the following experiment: Small discs of 
cotton, 1 cm. in diameter, were saturated with acid solutions and placed, one 
after the other, over the same group of papillae on one side of the tongue. The 
cotton was allowed to remain in place for one minute and the record of drops 
was taken for this minute only. The same solutions were applied with a brush 


to a small group of fungiform papillae. The following quantities of secretion 
were obtained: 


SS eee 


f Drops on side Drops on fungi- 
Stimulus of tip form papillae 


wb 


cent is the result of injury to the taste 
areas followed the experiment. 
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A series of tests was carried out with solutions of hydrochloric acid and of 
sodium chloride. Other taste substances, quinine sulphate in particular, could 
not be used because of the difficulty of removing them from the surface of the 
tongue without prolonged washing. In the tests with salt and acid the following 
technique was adopted. Thirty seconds before each test 5 c.c. of water were 
placed in the subject’s mouth to dilute the mucus present and the mouth was 
cleared of saliva as well as possible by swallowing. The remaining procedure 
was the same as that described [earlier]. Each test was delayed until the 
secretion returned to normal (about 1 drop per minute). 


Table 3.6 shows the results of these tests. In no single case were the 
reactions proportional to the square root of the stimulus intensity. In the 


Table 3.6. Relation of the Quantity of Secretion to Intensity of the Stimulus ° 
aa en ————————————————— 


Drops of secre- Average of 
Subject Stimulus tion in 3 min. trials 
L HCl 0.25%, 1 c.c. 12.8 5 
0.50%, 1 c.c. 17.0 8 
1.00%, 1 c.c. 20.0 3 
2.50%, 1 c.c. 28.7 4 
5.00%, 1 c.c. 40.5 % 
0.25%, 2 c.c. 16.0 2 
0.50%, 2 c.c. 20.0 2 
2.50%, 2 c.c. 42.0 2 
NaCl 0.20%, 1 c.c. 8.0 1 
1.00%, 1 c.c. 10.0 1 
5.00%, 1 c.c. 14.0 J 
25.00%, 1 c.c. 17.0 1 
0.20%, 3 c.c. 11.0 1 
1.00%, 3 c.c. 14.0 1 
5.00%, 3 c.c. 17.0 1 
25.00%, 3 c.c. 24.0 nf 
B HCl 0.50%, Le.c. 2.5 2 
1.00%, 1 c.c. 7.0 4 
2.50%, 1 c.c. 13.0 2 
5.00%, 1 c.c. 17.0 2 


during iage tube on the left duct. Stimulus applied for one minute and the total secretion 

the following two minutes recorded. 
Majority of cases the range of variation of secretion for different intensities 
oe than would be expected from Zebrowski’s formula. Weber’s law of 
el es increment seems to express the results more exactly, but the con- 
imuli is not accurate enough for the computation of any definite 
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ratio. The technique employed is subject to almost all the objections out- 
lined above and the experiments are reported in their present form only 
because they suggest that with an adequate technique a very accurate 
correlation of the intensity of stimulus and reaction may be demonstrated. 

Stimulation of Restricted Areas in the Mouth. The intensity of reaction 
to stimulation of restricted areas of the mouth has been investigated only 
by Heyman,t working with the dog. His results show a differential sensi- 
tivity of different areas of the mucosa to mechanical and chemical stimuli, 
with considerable variation between different types of distribution of taste 
buds in man. His original publication is not available but it seems that 
only gross areas were stimulated. 

In man a rather close restriction of stimulation to individual papillae 
is possible so that a comparative study of the effect of different chemicals 
upon the end organs of the same region may be undertaken. Some pre- 


liminary tests to this end have been completed, the following technique 
being used. 


The surface of the tongue was mapped out roughly and a regular series of 
movements of the tongue was adopted in order to control the nongustatory 
stimuli. Before each stimulation the mouth was cleared of saliva, the tongue 
protruded as far as possible without strain, and the surface of the tongue was 
wiped from tip to base with a soft cotton cloth to erect the papillae and remove 
adherent saliva. The taste substance was then applied to individual papillae in 
the usual manner with a camel's hair brush. The tongue was next retracted and 
held depressed so that the taste substance was not spread by contact with the 
palate. After one minute the mouth was rinsed with 3 c.c. of water and the 
next test was delayed until the rate of secretion returned to normal. 

The most extensive tests were carried out with three points on the dorsal sur- 
face of the tongue. These were: (a) a group of three filiform papillae on the 
right margin of the tip; (b) two fungiform papillae just to the right of the 
mid-dorsal line, 5 em. from the tip; (c) one circumvyallate papilla on the left 
at the base of the tongue. The quantities of secretion obtained after stimulation 
of these areas [were recorded]. In the tests the rate of secretion before stimula- 
tion varies from 1.3 to 2.3 drops per minute. Where the stimulus has little effect 
the initial rate affects the results considerably and for this reason I have used 


the increase in rate rather than the absolute secretion in comparing the excit- 
ability of different areas. 


The data are not extensive enough for certain conclusions but suggest 
that the tip of the tongue is relatively more sensitive to water, acid, and 
salt than to other gustatory stimuli; that the base of the tongue is rela- 
tively most sensitive to sugar and quinine; that the fungiform p 
most readily stimulated by salt. In the case of all 
lation, however, the proximal regions of the tongue 
tion than the distal, irrespective of the qu 


4 Ibid. 


apillae are 
but protopathic stimu- 
excite a greater secre- 
ality or intensity of the stimulus. 
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The effect of acid upon other parts of the mouth was tested by the same 
method. Stimulation of the hard palate, cheeks, lips, and uvula with acid 
excites no stronger secretion than is obtained with water. The soft palate 
is considerably more excitable to acid than to water. 


The Rate of Recovery of the Gland from Excitation 

The time required for recovery from stimulation varies with the 
intensity of stimulation. Table 3.7 shows the number of drops of saliva 
from the left parotid obtained in successive minutes during and after 
stimulation with salt and acid. In each test the stimulus solution was held 
in the mouth for one minute, then the mouth was rinsed with a pipette 
of water. The time required for the rate of secretion to fall to 1 or fewer 


Table 3.7. Duration of Excitation of the Parotid ° 
CE aii nn 
Total 
secretion 
Successive minutes after 
nn eessation of 
Stimulus 12 3 4 5 6 7 8 9 © stimulus 


(Subject B) 


HCI 0.50% 3 00 0 1 0 0 1 
1.00% #001%0% 1 
1.00% a so LO w& 3 
1.00% 72007100 3 
2.50% 6 4 2 1 11 9 9 


(Subject L) 


HCI 0.25% er 114 9 
0.50% a 421712 10 
2.50% mes8 Z% l 17 
5.00% 31 7 3 8 2 8 18 
0.50%, 1 c.c. wz 1 1 3 1 1 7 
0.50%, 2 c.c. a5 Ss a 2 I 13 
0.50%, 3 c.c. 17 4 2 2 2 1 11 
NaCl 0.208 5 12 2 1 0 6 
1.00% ss 11311731 7 
5.00% 8 4 2 1 2 1 10 
25.00% jo 6 &® @ 2 Ft ll 
After 1% HCI continu- 
ously for ten minutes .. 9 9 2 2 6 2 2 8 


— EEE 
o P F z 

IL; amount of secretion, in drops, obtained during successive minutes after different 

fe mae of stimulation is given. The stimulus was applied for one minute (1 in table) 
“ch case, then rinsed from the tongue with water. 
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drops per minute after the removal of the stimulus was roughly propor- 
tional to the intensity of stimulation. As a corollary of this the quantity 
of secretion after cessation of the stimulus is proportional to the intensity 
of stimulation (last column, Table 3.7). After intense stimulation the 
heightened secretion may persist for ten or more minutes. 


Fatigue of the Unconditioned Reflex 


The possibility that fatigue of the direct reflex might interfere seriously 
with quantitative studies of the secretion led to a series of tests with 
continued stimulation. These were carrried out as follows: 

1. Two glass tubes were placed in the mouth in such a way that a 
constant stream of dilute hydrochloric acid could be directed against the 
soft palate and allowed to drain off from the tip of the tongue. The 
stimulating substance could thus be constantly renewed and the question 
of its dilution eliminated. With 0.25 per cent acid continuous stimulation 
was given for ten minutes; with 1.0 per cent acid for five minutes. The 
weaker solution excited in ten successive minutes a secretion of 18, 24, 18, 
16, 15, 12, 11, 13, 12, 12 drops. The stronger solution gave in five suc- 
cessive minutes 28, 27, 30, 32, 30 drops. In this short time there is little 
evidence of fatigue. The series with the weaker solution is complicated 
by the fact that just before the end of the first minute the subject choked 
and swallowed some acid. The decrease in the rate of secretion following 
probably represents the recovery from this stimulation of the throat, rather 
than a fatigue of the reflex. 

2. One cubic centimeter of 1.0 per cent hydrochloric acid was placed 
in the subject’s mouth at the beginning of each minute for 20 successive 
minutes. The quantities of secretion obtained during this time [were 
recorded]. The secretion obtained during the second ten minutes [was] 
practically the same as that during the first ten. There [was] no evidence 
of fatigue. 

3. A 5.0 per cent solution of sodium chloride was applied in the same 
way for ten minutes. The quantities of secretion in successive minutes 
were 6, 7, 6, 5, 5, 6, 5, 5, 5, 6 drops. There is here a reduction of only 


7.0 per cent from the average secretion of the first to that of the second 
five minutes, 


Under the conditions of th 
very slowly if at all. 


Excitation of the Glands b 
Digestive Tract 


Jänicke (10) and earlier worker: 


ese tests the direct salivary reflex fatigues 
y Stimuli from Other Parts of the 


s believed that stimulation of the 
mucosa of the stomach excited salivary secretion. Buff (7) failed to obtain 
any increase in secretion by stimulating the walls of the dog’s stomach 
with acid introduced through a fistula and held that reflex excitation of 


— 
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the glands from the stomach does not occur. Ordenstein’s data (12) upon 
secretion measured for twenty-seven consecutive hours show some in- 
erease in glandular activity after the subject had eaten but the author does 
not discuss this point. 

In the tests reported above upon the rate of secretion without extero- 
stimulation five subjects were examined immediately before and at 
intervals ranging from ten to sixty minutes after eating (Table 3.1). In 
every case the rate of secretion was greater after the meal than before. 
Stimulation from particles of food remaining in the mouth was excluded, 
leaving the alternatives of stimulation from the stomach and intestine or 
persistent reaction to the long-continued oral stimulation in eating as 
possible explanations of the heightened rate of secretion. The latter seems 
to be excluded by the following observation: 

The rate of secretion of the first subject recorded in Table 3.1 was 
tested without extero-stimulation for fifteen minutes and found to be con- 
stant at 3.60 c.c. per hour. The subject then chewed “Zwieback” for 
fifteen minutes without swallowing any of it, then cleared the mouth of 
adherent particles and returned to the apparatus. His rate of secretion 
during the following twenty minutes was found to be 3.60 c.c. per hour, 
exactly the same as before the oral stimulation. From this it seems that 
the increase in secretion following a meal is not the result of oral stimula- 
tion but is a reflex from some other part of the digestive tract. 


The Effect of Olfactory Stimulation 
The fact that the odor of food is sufficient to produce salivation has 
been commented upon frequently (2, p. 24) but I have been unable to find 
record of any experiments upon the direct reflex to odors in man. Zeliony 5 
after ablation of the cerebral lobes of the dog was unable to obtain any 
glandular reaction to odors; a result which favors the view that the secre- 
tion observed by other investigators was a conditioned reflex. 
he reactions of the human parotid to odors have been tested with 
Several subjects. . . . The subjects, with eyes closed, were stimulated for 
thirty seconds with each of [several] odorous substances . . . and asked 
to identify the odors. The stimuli were given at intervals of six or more 
minutes, and the number of drops of saliva obtained during the three 
minutes preceding and the three minutes following stimulation [were 
recorded]. 
In no case did any marked increase in secretion follow the stimulation. 
Amyl alcohol and oil of peppermint seemed to accelerate secretion but 
oth irritate the mucosa of the pharynx, the former producing coughing, 
and the reaction is probably to this rather than to the odor. The range 


5 Ibid. 
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of odors was fairly broad and the experiments seem to prove that there is 
no unconditioned reflex secretion to olfactory stimulation. 


Inhibition and Reinforcement of Secretion 


The data of Aschenbrandt (1) upon salivary secretion after irritation 
of the conjunctival sac and Pawlow’s observations (13) upon inhibition 
of secretion by injury to the viscera in the dog have been disputed by 
Buff (7). He himself lays great stress upon movements of the body as 
excitants of salivary secretion but gives no experimental evidence in 
support of his view. The statements of these men and the experiments of 
Brunacci and DeSanctis (6), which will be considered later, constitute 
the only data available upon the indirect modification of the uncondi- 
tioned reflex. 

The series of tests summarized in Table 3.8 were carried out to test 
the effect of muscular activity upon the secretion of the parotid. Three 


Table 3.8. Influence of Muscular Activity upon Secretion of the Parotid 
e 


Subject L 
Average drops of 
secretion per min. 
Stimulus Left parotid 
Subject lifted and held 50-pound weight above his head: 
Before exertion, 4 min. 0.75 
During exertion, 2 min. 0.00 
After exertion, 3 min. 1.25 
“Setting up exercises”: 
Before exertion, 3 min. 1.25 
During exertion, 5 min. 0.40 
After exertion, 3 min. 1.00 
Arms held extended: Right parotid Left parotid 
Before exertion, 3 min. 2.0 2.3 
During exertion, 5 min. 0.6 0.6 
After exertion, 3 min. 1.6 1.6 


m 


types of activity were used, violent effort, rapid movement, and prolonged 
strain. In each case there was an inhibition of secretion during activity. 
During activity of this sort movements of the tongue and throat are 
largely inhibited, but such movements have normally very little effect and 
it seems improbable that the suspension of secretion is due wholly to the 


change in the stimuli coming from the mouth. There seems to be an active 
inhibition of secretion during violent muscular effort. 
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A further series of tests was carried out with violent protopathic stimulation, 
The subject’s finger tips were placed against a knife electrode and a faradic 
current, strong enough to induce profuse perspiration, was directed through the 
fingers. The rate of secretion with and without faradic stimulation was de- 
termined. Brunacci’s technique was then adopted, the subject being given 1 c.c. 
of 0.20 per cent hydrochloric acid in the first second of each minute during the 
experiment. The reaction to the acid with and without faradic stimulation was 
determined. In one instance tickling of the subject’s nose and lips was substi- 
tuted for the faradic stimulation. The results of these tests are shown in Table 
3.9. The protopathic stimulation in every case led to a reduction in the rate of 


Table 3.9, Effect of Protopathic Stimulation upon the Rate of Secretion ° 


ees 


Average Duration 
drops per of test, 
Stimulus min. min. 
Test I. 
Normal rate without stimulation 1.00 10 
With faradic stimulation of fingers 0.75 10 
Test II. 
Before faradization 12.30 4 
During faradization 8.60 5 
After faradization 9.20 5 
Test III. 
Before faradization 11.80 11 
During faradization 9.00 10 
Test IV. 
Lip and nose tickled with a feather: 
Before stimulation 12.10 >d 
During stimulation 7.60 5 


— eee 


° The rate was determined before, during, and after intense protopathic stimulation 
continued for the time intervals indicated. In tests Il, III, and IV, 1 c.c. of 0.20% HC] 
was given at the beginning of every minute. 


Secretion. In test II (Table 3.9) complete recovery from the depression did not 
take place during the five minutes following the faradization, although the rate 
of secretion increased slightly with the cessation of stimulation. This is not sur- 
Prising, however, since the electric stimulation was severe, leaving the subject 
badly shaken, A ten-minute rest, test III, resulted in complete recovery of the 
normal glandular activity. 

Where the acid was given continuously the possibility of fatigue of the direct 
reflex must be considered. The data [above, however,] show that within the 
time limits of this experiment the direct reflex does not fatigue. Moreover, the 
change in the rate of secretion at the beginning of faradic stimulation was not 
gradual, as would be expected in fatigue, but abrupt... . 
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A serious defect in these experiments arises from the fact that the 
protopathic stimulus modifies the movements of the mouth and may pre- 
vent the usual distribution of the gustatory stimulus. The subject was 
warned to keep the distribution of the acid on the tongue uniform, but 
there is no certainty that this was done. Where rather large quantities of 
concentrated solution are used this source of error is certainly less im- 
portant than where threshold intensities are used as in the experiments 
of Brunacci and DeSanctis reviewed below. The results of the tests with 
protopathic stimulation are consistent and it seems probable that there 
is an actual inhibition of secretion with very intense stimulation. 


The Influence of Mental Work and Emotion upon the Rate of Secretion 


Brunacci and DeSanctis (6) have studied the effect of mental work 
upon the secretion of the parotid, finding a smaller quantity of secretion 
during activity than during repose. I have been unable to verify this result 
and believe that the apparent inhibition resulted from the technique used 
by these investigators, They stimulated their subjects once per minute 
with a very dilute solution of acetic acid and recorded the resultant 
secretion when the subjects were at rest and when they were translating 
from a foreign language or computing. A diminished secretion during 
mental activity was interpreted as evidence for inhibition. The importance 
of the distribution of the stimulus solution in the subject’s mouth has been 
emphasized already. Any distraction may alter this distribution, which 
depends largely upon the movements of the tongue. The solutions used 
by Brunacci and DeSanctis were near the threshold intensity and there 
is no evidence from their experiments that the reduction of secretion was 


not due to a limited distribution of the stimulus solution when the sub- 
jects were occupied, 


The following experiment shows an excitatory rather than an inhibitory effect 
of mental work upon the normal secretion of the gland: The subject was re- 
quired to square three-place numbers without visual assistance for twenty 
minutes, to remain quiet for twenty minutes, and then to resume computation 
for twenty minutes more. The intensity of concentration is assured by the fact 


Drops per min. 


During first period of multiplication 1.80 
During period of rest 1.28 
During second period of multiplication 1.88 


The rate of secretion during each of the periods was almost constant. An un- 
mistakable increase in secretion resulted from the intense mental application. 
Similar, but less pronounced results have been obtained with other subjects 
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having a lesser rate of secretion without extero-stimulation. In one case reduced 
secretion appeared during computation. This subject obviously used the fingers 
largely in computation while the others seemed to rely wholly upon the speech 
mechanism. This suggests a possible correlation between the implicit system em- 
ployed and the effect of mental work upon secretion. 


The inhibition of salivary secretion during fear has been noted fre- 
quently but there is no definite evidence as to the effects of other types of 
emotion. Colin (8) states that salivary secretion is increased during sexual 
excitement. Von Bechterew (3, p. 452) says: “Every pleasant sexual 
excitation is undoubtedly accompanied by salivary secretion; it is ques- 
tionable only whether this is a reflex from the genitals or (as seems to 
me more probable) a psychic effect.” Since a certain grade of erotic emo- 
tion is easily aroused in the laboratory it seemed worth while to test the 
extent to which the statements of these authors, who give no experimental 
evidence, can be applied to the parotid gland. For the stimulus to sexual 
excitement a collection of pornographic literature and pictures was used. 
The rate of secretion of the subjects while quiet or reading indifferent 
material was determined. They were then given the erethitic material and 
the rate of secretion while this was examined was determined. Finally a 
second determination of the normal rate was made. Table 3.10 shows the 


Table 3.10. Inhibitory Effect of Erotic Emotion ° 


Secretion with Secretion with 
indifferent material, erethitic material, 
Subject drops per min. drops per min. 
nie) ES ee. ae er 
B 0.36 0.11 
B 0.77 0.00 
X 0.80 0.36 
M 0.20 0.10 


——— eee 


° The average secreHon § inute is recorded. The subjects read indifferent 

a a ecretion in drops per minul 2 „de ifferen 

Material for 20 minutes or more (first column), then examined the erethitic material for 
minutes (second column). 


effect of the erotic emotion. In every instance it resulted in a reduction 
Of the rate of secretion. The exciting effect of the material used has been 
tested in other experiments and there is no doubt of its erethitic nature. 
The tests seem extensive enough to establish the inhibitory effect of 
erotic emotion. 

_ A second effect of this emotion seems to be an almost complete inhibi- 
tion of the swallowing reflex. The secretion accumulates in the mouth 
and Subjects have been seen to drool saliva while reading the porno- 
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graphic literature although the secretion of the parotid glands was 
partially suppressed. This probably accounts for the statements of Colin 
and von Bechterew, whose observations do not seem to have been made 
upon isolated glands. 

It has not been possible to obtain strong emotion of other types in the 
laboratory. In one instance, when a long series of tests was made with 
a disagreeable mixture of hydrochloric acid and sugar, the subject became 
rebellious and, when the experimenter insisted on continuing the work, 


angry. The reactions of the parotid became less intense and quite irregular 
under these conditions. 


Conditioned Reflexes Appearing without Training 


None of the students of human parotid secretion has been able to 
demonstrate conditioned reflexes. The reason for this is, perhaps, that 
they have made no attempt to reproduce in the laboratory the environ- 
ment in which the subjects were accustomed to obtain food. Early in 
my own experiments it became evident that no increase in secretion 
followed the mention of food. As it seemed possible that lack of real 
hunger was responsible for the absence of secretion, the first test for the 
conditioned reflex was made under rather severe conditions. The subject 
abstained from food for three days, the drainage tube was then placed 
over the left Stenson’s duct and a list of fifty-three words, fifteen of which 
were names of foods, the others indifferent, was read to him. The words 
were given at two-minute intervals and the secretion recorded in drops 
per minute. The average secretion following the names of foods was 2.00 
drops per minute; following the indifferent words it was 2.10 drops per 
minute, There is absolutely no evidence of a conditioned reflex. 

With the sight of food as a stimulus quite different results were ob- 
tained. In this test the subject abstained from food for twenty-four hours 
and was then shown a variety of foods. No increase in secretion appeared 
with the sight of food. The subject was then allowed to eat a single raw 
oyster, rather heavily seasoned with paprika. An immediate change in the 
salivary reaction to the sight of food followed. This may be illustrated in 
detail by a test with a bar of almond chocolate, which shows the extreme 
sensitivity of the reflex. In the [table on p- 49] the number of drops of 
saliva secreted during successive minutes is given on the right, the condi- 
tions of stimulation are given on the left. 

Like results were obtained in other tests but varied with the particular 
food used. . . . Where no secretion was excited by the sight of food, 
raising the food toward the mouth was sufficient to excite secretion, 
except in the case of the peppermint which the subject dislikes, 

Tests involving the same movements of hands and mouth as those used 
with the food but in which inedible substances were held resulted in no 
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increase in secretion, so that it seems quite certain that the results 
obtained with food substances are due to conditioned reflexes to the 
visual and olfactory characters of the the food. 

During [some of] the experiments reported . . . [above] the forma- 
tion of conditioned reflexes to the sight of the bottles of acid and other 
objects used in giving gustatory stimuli was noted but discussion of these 


must be postponed to a later paper. 


No extero-stimulation 

Chocolate placed in subject’s hand 

Subject smelled chocolate 

Brought chocolate to lips but kept mouth closed 
Held chocolate at arm’s length 

Told to eat but stopped as chocolate reached lips 
Chocolate snatched away 


ac 


Chocolate given back and held at arm’s length 


Chocolate snatched away 
Chocolate given back 
Chocolate eaten 
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Summary 

The experiments reported form a preliminary survey of the conditions 
affecting the secretion of the parotid gland. Only the direct reflex has been 
considered extensively but the data obtained upon this phase of secretory 
activity furnishes a basis for an investigation of some of the acquired 
reflexes of the human autonomic nervous system. While all classes of 
stimuli which may affect secretion have not been tested it is probable that 
those employed embrace the ones which are most influential and which 
might enter as conflicting elements into studies of acquired reflexes. Chem- 
ical analysis of the saliva has not been possible but the first tests of 
conditioned secretion may be restricted advantageously to quantitative 
experiments which will not be affected seriously by this lack. 

The experiments thus far reported seem to justify the following con- 
clusions: 

1. Direct reflexes of the parotid gland are excited by mechanical, 
chemical, and protopathic stimulation of the oral mucosa, Lack of an 
adequate method of limiting the distribution of chemical stimuli has 
Prevented accurate quantitative experiments. 

2. There is probably no direct reflex to therm 
are of protopathic intensity. 

3. The secretion produced when a fo 
à Specific reaction to a complex group of stimuli. 


al stimuli unless they 


reign object is chewed involves 
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4. The reaction of the parotid is most intense when the homolateral 
mucosa is stimulated. 

5. The quantity of secretion varies with different chemical stimuli 
applied to different parts of the mucosa but is usually greatest when the 
proximal region of the tongue is stimulated. 

6. The presence of food in the stomach excites secretion, 

7. There is no direct reflex to olfactory or to ordinary visual, auditory, 
or tactile stimulation. 

8. Parotid secretion is partially inhibited by violent muscular activity. 
Mental work (involving movements of the tongue and throat?) increases 
the secretion. 

9. Erotic emotion reduces the quantity of secretion. 

10. Reflex secretion is excited by the sight and odor of food but is 
conditioned by hunger, by the previous experience of getting food under 


the conditions of the experiment, and by complex emotional factors which 
have not been analyzed. 
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A. THE ACCURACY OF MOVEMENT IN 
THE ABSENCE OF EXCITATION 
FROM THE MOVING ORGAN! 


For psychology the problem of motor activity has been largely one of 
the perception of movement. Discussion has centered about the questions 
of the receptors which are excited differentially by changes in extent and 
force of movement, about the psycho-physics of the constant error, the 
influence of the emotions upon the perception of movement, the relation 
of the “will impulse” to the perception of movement; with the result that 
the equally important questions of the nervous mechanism of initiation, 
continuation and cessation of adaptive movements have been dealt with 
only incidentally as throwing light upon this perception. Whether such an 
attitude on the part of investigators is the result of the general concept of 
psychology which would restrict its scope to the study of sensation, or 
is a consequence of the relative ease with which the problems of sensory 
and motor physiology may be attacked, the result has been an almost total 
neglect of the neurological problems presented by skilled movements. 

In many cases the perception and control of movement may be one 
and the same phenomenon, but certain experimental data and facts of 
everyday experience indicate a certain degree of independence of the 
accuracy of movement from any stimulation resulting from the movement 
itself. Such is the accuracy of automatic movements as seen in the produc- 
tion of steps of uniform length, or more strikingly, the swift movements 
of the musician, many of which are made more quickly than the briefest 
cortical reaction time. These movements are frequently regulated in 
extent and force with the utmost nicety, under conditions where any reflex 
control from excitations arising in the moving hand seems excluded. 
Again, the evidence obtained by Bowditch and Southard (1), Loeb (4), 
Woodworth (6, 7), and others, while by no means conclusive, indicates 
a partial independence of the motor control from afferent processes orig- 


inating in the moving organ. The reestablishment of walking movements 


1 EDITORS” NOTE: From Amer. J. Physiol., 1917, 43 169-194, Reproduced b ission 
of the American Physiological Society. From the Johns Hopkins University and’ tip Covent 
ment Hospital for the Insane. 
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in the dog after section of the dorsal root gives further evidence for the 
same view. 

Clearly the ideal opportunity for the study of these relations would be 
given by a case of complete sensory anesthesia in man with no more 
impairment of motor functions than would necessarily arise from the 
anesthesia. A partial condition of this character is occasionally reported 
in tabes dorsalis and the complete absence of afferent impulses in rare 
cases of spinal lesion. Through the courtesy of the staff of the Government 
Hospital for the Insane, I have had opportunity to examine a number of 
patients showing various degrees of anesthesia and to carry out the 
experiments reported in the following pages with one who showed a con- 
dition particularly adapted to answer some of the questions centered about 
the control of movement.? 

The present paper is devoted to a study of the sensory and motor con- 
dition of this patient. He is a young man of more than average intelligence 
who has, as a result of a gun-shot injury to the spinal cord, a partial 
anesthesia of both legs with motor paralysis of the muscles below the 
knees. The anesthesia of the left leg is much more extensive than that of 
the right. Rough preliminary tests indicated a sensitivity to movements 
of all joints except the left knee and ankle, and the paralysis of the muscles 
controlling the latter made it necessary to restrict the study to movements 
of the knee. The experiments were arranged for investigation first, of ex- 
citations from movements at this joint; second, of the accuracy of the 
control of such movements as failed to excite afferent impulses from 


the limb. 


Physical Condition of the Subject 

Neurological examination shows the left leg, with the greater part of 
the left groin and gluteal region, to be insensitive to the light touch, 
temperature, and to protopathic stimulation. The extent of the area of 
cutaneous anesthesia is shown in Fig. 4.1. Except for the rather large 
areas in the gluteal region and the somewhat smaller areas on the calf 
(shown in white in Fig. 4.1) there is complete loss of cutaneous sensitivity 
Of this leg. The loss of sensitivity to deep pressure is much less extensive, 
Complete anesthesia to deep pressure involving only the foot and anterior 
Surface of the lower leg (cross-striated area in Fig. 4.1), but in the regions 
retaining sensitivity this is reduced much below normal. The minimum 
amount of pressure that can be detected in the region of cutaneous 
anesthesia is 900 grams on an area # inch in diameter in the region of 
„U wish to express my obligation in particular to Superintendent W. A. White, who has 


given me every opportunity for investigation, and to Dr. S. I. Franz, who first brought the 
Patient to my ‘attention and who has given important suggestions concerning the control of 

© experiments. Finally my greatest debt is to the subject of the present study who has 
Worked tirelessly, and who has himself suggested improvements in technique which were 


essentia i 
sential for the success of the experiments. 
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the groin and this increases to 2000 grams over the greater part of the 
thigh and calf. The thresholds to deep pressure over the anesthesia area 
are shown in Fig. 4.2. Except in the gluteal region in the groin and on 
the calf, localization of deep pressure is very inexact, the average error 


Fig. 4.1. The extent of anes- 
thesia of the left leg of the 
subject studied. White areas, cu- 
taneous sensitivity; light-shaded 
areas, cutaneous anesthesia with 
deep sensitivity to pressure; 
dark-shaded areas, complete an- 
esthesia to all stimulation. 


of localization being about 8 inches, 


to apply excited deep pain. 


There is slight sensitivity to vibration ( 
A small area of the patella also seems sensi 


Fig. 4.2. Threshold of sensitivity 
to pressure applied over an 
area one-half inch in diameter. 
Shaded area completely insensi- 
tive. The figures give the sensi- 
tivity of other regions in 100- 
gram units, 


No amount of pressure that I was able 


50 per second) in the femur. 
tive to this type of stimulation, 
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but its sensitivity is probably due to the transmission of the vibration to 
the femur. There is no sensitivity to this type of stimulation in the region 
below the knee. 

The cutaneous and tendon reflexes of the leg are completely abolished 
but a slight degree of tonicity is retained by the muscles of the thigh. 
We do not know the exact extent of the lesion and no detailed clinical 
history of the operation to remove the bullet is available, but the clinical 
picture indicates an extensive destruction of the dorsal bundles in the 
second or third lumbar segment of the cord with invasion of the dorsal 
horns or injury to afferent roots in the sacral region sufficient to abolish 
the tendon reflexes, The determination of the exact extent of the lesion is 
not essential to the present work since the conclusions depend wholly 
upon the experimental determination of the extent of anesthesia to 
movement. 

Sensitivity to Position and to Passive Movements 

Preliminary tests had indicated that in spite of the sensitivity to pres- 
Sure retained by the subject, his sensitivity to flexion and extension of the 
knee was abolished. Before a study of the accuracy of active movements 
could be undertaken it was necessary to establish this point beyond ques- 
tion. A number of experiments was therefore carried out with a view to 
revealing any sensitivity to movement which might play a part in de- 
termining the accuracy of adaptive movements. 

In all the tests on movement the subject was seated on a soft cushion in a 
rather high chair with his left thigh supported by a padded rod, 3 inches behind 
the knee, so that his foot could swing freely from the knee through an are of 
about 130 degrees from complete extension to the point where the heel came 


in contact with the rungs of the chair. The foot was attached by a cord to 


the carriage of a modified form of the Miinsterberg movement apparatus, so 
that rate and extent of movement could be recorded. The subject was blind- 
folded during all the tests and precautions were taken to eliminate any audi- 
tory stimulation from the recording apparatus which might serve as a clue to 
the extent of movement. The distance moved was recorded in centimeters read 
directly from the recording device. A slight inaccuracy is introduced here, since 
the measurement was in straight lines while the movement was about the 
perimeter of a circle, In the records 1 cm. is equal to approximately 1.28 degrees 
Totation about the knee. 

Detection of Passive Movements. The experimenter grasped the sub- 
ject’s foot in his right hand and, holding his left hand on the subject's 
knee to detect unintentional movements of the thigh, flexed and extended 
the knee passively through angles varying from 10 to 130 degrees. The 
Subject was asked to describe the distance and direction of movement 
whenever he felt that any movement had been made. The rate of the 
Passive movements was varied from about 2 cm. to 100 cm. per second. 
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When the passive movements were made at a rate of less than 20 cm. 
per second, the subject was unable to detect any movement, however 
great its extent, and throughout a series of fifty such movements gave no 
reaction except when the movements resulted in hyperextension of the 
knee. More rapid movements were detected in about 50 per cent of the 
trials but reports of their direction and extent seemed to be wholly a 
matter of chance. 


Fifty passive movements of the foot at a rate of more than 20 cm. per second 
were made under conditions where auditory cues were eliminated. The subject 
was asked to give the direction of movement and position of the foot whenever 
he felt that it was moving. Twenty-four of the movements brought no reaction. 
The remaining 26 were detected as movements; 4 were described as of un- 
certain direction, 22 brought definite statements of direction of movement which 
were, however, quite inaccurate. Seven movements of extension and four of 
flexion were described correctly. Five movements of extension were described 
as flexion and six movements of flexion were described as extension. The 
description of the position of the foot was equally inaccurate. The subject 
usually denied any knowledge of its position and in the instances where he 
ventured a definite statement he was as frequently wrong as right. Thus, in 3 
out of 6 cases flexion at 70 degrees was described as complete extension and in 
2 of 5 cases hyperextension was described as flexion. 

When the knee was hyperextended the subject invariably stated that the 
knee was being moved. His knee was alternately hyperextended and flexed a 
number of times and he was asked to describe the movements. Only those of 
extension were detected and these the subject alternately stated to be exten- 
sions and flexions. Flexing movements brought no reaction. From this it seems 
that the reactions to hyperextension were to the strain on the joint or ligaments 
and not to the movement as such. 

An attempt was made to locate the source of stimulation by which rapid 
movements were detected. Slight flexion of the hip (elevation of the knee 
through a distance of 2 cm.) was for the first three trials interpreted as an 
extension of the knee, twice as a movement of the knee of uncertain direction, 
and remained undetected in more than 20 cases. Heavy pressure above the knee 
was once described as a movement of extension but later failed to elicit any 
response. The patient was instructed to contract the antagonistic muscles of the 
thigh so as to increase the tension upon the knee joint and fix the leg at the 
thigh. When this was done no passive movements were detected, unless they 
produced flexion of the hip. The quick movements which brought reactions were 
frequently described as “jerks” and I could not be certain that any of the move- 
ments that were detected did not involve a certain amount of strain upon the 
muscles of the trunk. 


These tests suggest the absence of any afferent excitations from the 
leg during slow passive movements of the knee which may stimulate 
verbal reactions to the direction or extent of the movements. From them 
it seems probable, also, that the recognition of quick passive movements 
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is not based directly upon excitations from the moving to adjacent parts 
of the body. Whatever may be the basis of the reactions to rapid passive 
movements the stimuli involved are not differentiated enough to allow 
the subject to determine the direction or extent of the movement. 
Maintenance of Position. The preceding tests required chiefly reaction 
to movement with, possibly, very little stress upon local signs from the 
position of the leg. A further series of tests was made with the emphasis 


upon position. 
The subject's knee was hyperextended and he was asked to maintain 


that position as long as he could against the force of gravity. The 
quadriceps became tense and the leg was kept extended for about ten 
with a series of spasmodic twitches. The 


seconds, then dropped to vertical 
subject, when questioned, stated that he was still holding the leg extended 


and one minute later said, “Now I am letting it down,” the leg, in the 
meantime, hanging lax. The test was repeated a number of times and 
gave similar results in every case. There was momentary maintenance of 
position, relaxation without recognition of the movement, and later an 
illusion of relaxation. 

Other positions than that of hyperextension could not be maintained at 
all. When the subject’s foot was placed passively in any other position 
and he was asked to hold it there, the leg dropped back to the vertical as 
soon as the support was removed, jerking back and forth spasmodically 
for a few seconds, and then came to rest in the vertical position, the 
Subject asserting, without certainty, that he was holding the leg still. 

Reaction to the Position. With the weight of the subject’s foot wholly 
Supported by the experimenter, the knee was flexed, starting from 105 
degrees, until the recording carriage moved 10 cm. The subject was told 
that his foot would be moved back to the starting position and was asked 
to indicate verbally when it reached that position. The movements 
from the starting position were made at a uniform rate; the rate and 
direction of the “returning movements” were varied. The subject was 
warned in each case that the displacement of the foot was completed and 
that the experimenter was returning it to the starting point. In five series 
different procedures were employed: (a) The foot was moved back very 
slowly toward the initial position; (b) it was returned to the initial posi- 


tion at the same rate at which it had been displaced; (c) it was moved 


back very quickly; (d) the displacing movement was continued so as to 


bring the foot farther from the starting point; (e) the foot was held 
motionless after being displaced. 

The positions stated by the subject to be the one from which the foot 
Was originally displaced are given in Table 4.1. Slow return was over- 
estimated, quick return underestimated, and lack of movement or move- 
ment in the wrong direction was not detected. The subject stated that 
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he was depending upon the time interval after the warning that the foot 
was being returned to its original position, and the relation of the posi- 
tion identified as the starting point to the rate of passive movement con- 
firms his statements. The results of the tests show clearly that there were 
no afferent excitations capable of arousing a reaction to position. 


Table 4.1. Reactions to Position of the Leg ° 


Error 
in identi- 
fication 
Foot displaced, Extent of second of position, 
cm. movement, cm. cm. Rate of second movement 
Backward 10 1.4 Forward — 8.6 Very slow 


Backward 10 12.2 Forward + 22 Same as that of displacement 
Backward 10 225 Forward +12.5 Quick 


Backward 10 0.0 Forward —10.0 No movement 

Backward 10 25,5 Backward —35.5 Quick 

Forward 10 2.1 Backward — 7.9 Very slow 

Forward 10 8.3 Backward — 1.7 Same as that of displacement 


Forward 10 167 Backward + 6.7 Quick 
Forward 10 0.0 Backward -—10.0 No movement 
Forward 10 8.5 Forward —18.5 Quick 


° A constant position of the knee (105 degrees extension) was adopted as a “starting 
point.” The subject’s foot was displaced passively 10 cm. from this and he was asked to 
indicate when it had been returned by a second movement. The figures, each based on the 
average of five trials, give the distances and the directions traversed by the foot in the 
second movement before the subject indicated that the starting position had been reached. 


Duplication of Passive Movements. The data presented thus far indi- 
cate that any excitations from 


to duplicate the extent and direction of 
an active movement. 

The position of the subject described above was used. Distances of 2 
and 10 cm. were selected as pattern movements, and the subject’s foot 
was moved backward or forward through these distances at a rate of less 
than 10 cm. per second. The subject stated that he could not tell when 
the pattern movement was made, so he was warned each time his foot was 
moved and was asked to continue the movement through the same dis- 
tance and in the same direction as the passive movement. 


a passive movement by making 
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The relation of the direction of the subject’s movements to the direc- 
tion of the pattern set . . . [was tabulated]. The direction was inter- 
preted wrongly in almost 50 per cent of the trials, which indicates that 
the direction of the subject’s movements was wholly a matter of chance. 
The lengths of the movements varied from 0 to 27 cm. (the maximum 
movements permitted by the subject's foot). . . . The variations in two 
series of tests are shown in Fig. 4.3, other tests giving similar results. 


Fig. 4.3. Record of attempts to duplicate by active movements 
a pattern set by passive movement of the leg. The direction 
and extent of the passive movements are shown by the solid 
rectangles; the active movements of the subject are shown by 


those in outline. The pattern was repeated before each active 
movement. 


There is no correlation either in direction or extent between the active 
movements and the passive pattern which they were intended to re- 
Produce. 

The subject’s failure to give any precise or constant reaction to the 
Position or movement of his knee seems to prove that the anesthesia of 
the leg is sufficiently extensive to exclude any reflex control of the accuracy 
of movement based upon cortical excitations arising from the moving limb, 
The one remaining possibility of excitation from the limb calls for the 
Postulation of receptors in the muscles which are stimulated by active 
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curacy in the direction of active movements, in all of which movements, 
however, I have never seen the subject make a mistake in direction, except 
where he misunderstood instructions. It seems certain that the voluntary 
excitation of a specific group of muscles is possible in the absence of 
afferent excitation from it. 

Extent of Movement. Two somewhat different methods were used for 
testing the accuracy in control of extent of voluntary movements. In the 
first experiments the subject was asked to move his foot through a given 
distance (an estimated inch, 2 inches, etc.) while the experimenter gave 
a slight nearly constant support to the backward moving foot in order to 
control the inability of the relaxed quadriceps to support it against the 
pull of gravity, The inaccuracy of this method has been considered . . . 
[above]. The resistance was applied only to the backward movements, 
probably accounting for the fact that they are slightly shorter than the 
corresponding forward ones . . . and does not influence the extent of 
the forward movements, which are equally accurate. When a movement 
was made its extent was recorded and the foot was brought back passively 
to its initial position, usually about 110 degrees extension. None of the 
subject’s active movements exceeded the rate of 20 cm. per second so 
that the controls for slow rates of passive movement apply to all the 
active movements studied. 


In the first experiment the subject was asked to make ten attempts to move 
his foot through distances which he judged to be %, 1, 2, and 3 inches, The 
averages for the different distances are given in Table 4.2. The movements 
were all longer than the distance asked for but there was practically no over- 
lapping between the movements estimated as different. The pattern set by the 
first voluntary movement was duplicated rather accurately in later movements. 


Table 4.2, Average Distances, Each Based on Ten Trials, through Which 
the Subject Moved His Foot when Asked to Move through a Distance 
Which He Judged to Be That Given at the Left 
ee 


Attempt to move foot, in.® Average distance moved, cm. 


Forward 


@ 2.88 + 0.37 Forward 
1 Forward 3.86 + 0.14 Forward 
2 Forward 5.16 + 0.50 Forward 
3 Forward 13.42 + 0.87 Forward 
2 Forward (later test) 7.00 + 0.27 Forward 
% Backward 1.46 + 0.25 Backward 
1 Backward 3.40 + 0.24 Backward 
2 Backward 7.84 + 0.68 Backward 
3 Backward 11.17 + 0.57 Backward 


° Inches were used because [subject] was not familiar with the metric scale. 
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In these tests the ten trials for each distance and direction were given suc- 
cessively and it seemed possible that this might contribute something to the 
accuracy of the movement through the establishment of a rhythm of motor 
excitation. A series of tests was made therefore in each of which movements 
through distances of from # to 6 inches were made successively. The results of 


five such tests . . . [are omitted here]. In only one of the five tests, which 
began with the shortest and progressed to the longest movement, was a move- 
ment shorter than one preceding it. . . . The subject was not told that he had 


made an error, yet an apparent compensation appeared in the next movement, 
which is the longest made for that distance. 

A third series of the same general character was carried out in which all the 
movements of a given estimated distance were made successively but the 
different distances to be estimated were taken in irregular order so that an 
estimate of the absolute distance moved rather than a comparison of the length 
of successive movements was required. The order in which they were taken up 
was #, 6, 1, 3, and 2 inches. The averages for the different distances with their 


standard deviations . . . [were calculated]. 


In all these tests there is a surprising accuracy in the extent of the 
voluntary movements, Too few trials were given at each distance to lend 
much significance to the coefficients of variation for the attempts to esti- 
mate given distances, but in every series of tests the average distances 
Moved are roughly proportional to the distances which the subject was 
asked to estimate. The pattern set by voluntary movement could be 
graduated in a series of distinctly different steps. 

Comparison of Accuracy of Movement with That of a Normal Subject. 
For the determination of the variability of movements when the subject 
Was asked to co; y a pattern set by his own active movements and for a 
Comparison of this with the normal variability, it was necessary to 
eliminate any influence which the experimenter might exert in supporting 
the subject’s foot. This was done by supporting the foot by a light spring 
So that the knee was partially extended. The subject was then asked to 
draw his foot back through a given distance and then allow it to swing 
forward freely. The carriage of the recording apparatus was arranged to 
Stop at the limit of the backward movement. 


Series of twenty or more trials were obtained for estimated distances of 1, 2, 
and 3 inches. The average extent of movement for these three distances with 
the standard coefficient of variations are given in Table 4.3. . . . For compari- 
Son, the results of a similar experiment on an apparently normal individual are 
included in the table. . . . This subject, a physician, was selected at random, 
the instructions and method of supporting the foot and recording the extent of 
Movement were the same as those employed with the anesthetic subject so that 
the results with the two subjects may be taken as closely comparable. There is 
a surprising similarity in the results obtained with the anesthetic and with the 
normal subject. The movements of both showed wide errors from the distances 
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which they were asked to estimate and the normal subject was not greatly 
superior to the anesthetic in this respect. In the variability of the movements 
estimated as equal there was no constant superiority of either subject. The 
normal individual gave more uniform movements of the longer distance but 
varied more in estimation of the shorter ones. 


We may conclude that the anesthetic subject’s control of his move- 
ments is not significantly less accurate than that of the normal individual, 
and it is not clear that for the simple movement studied the afferent im- 
pulses from the moving limb contributed anything to the accuracy of 


Table 4.3. Variation in the Extent of Movements Estimated as Equal by the 
Anesthetic Subject and by a Normal Individual 


Dis- 
tance Standard Error from 
esti- Average extent coefficient distance 
mated, of movement, of estimated, Number of 
in. cm. variation cm. trials 
62. 0. .25 2.12 84 
Anesthetiesub- 5 14.40.2026 Des aa 21 
i 3 93.98+044 0.167 +1648 38 
1 2.04 + 0.09 0.476 — 0.46 50 
Normal subject 2 11.24 + 0.21 0.193 + 6.00 50 
3 22.30 + 0.16 0.076 +14.80 50 


re a ne FT EN un nn Et a a a au 


movement in the normal subject. The chief mechanism for the control of 


movement is located in some other body segment than that of the 
moving organ. 


The Relation of Rate to Accuracy of Movement 


Earlier studies of movement, particularly those of Loeb and Della- 
barre, have indicated that the duration of movement may serve as a clue 


to its extent, in place of the changing pattern of stimulation from the 
moving limb, It seemed possible that the sub 


ments was depending upon the duration of 
constant motor discharge during time interv 
tances through which he was asked to move. In the following tests the 
rate of movement was recorded with the distance. 

The subject's foot was suspended with the knee extended to 110 
degrees by a spring having a coefficient of 100 grams for each 4.5 cm. 
extension. He was asked to draw his foot back through distances at a rate 
suggested by the experimenter, The results of the tests are summarized in 


ject of the present experi- 
movement by maintaining a 
als corresponding to the dis- 
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Table 4.4. From this it will be seen first, that the duration of movement 
is not proportional to the distance when the subject is allowed to choose 
his own rates but that the rate of long movements is less than of the 
short ones (tests A, B, and C); second, that the movements may be made 
of equal extent, although the rate is quite different (tests D and F); 
third, that, except in test A, the variability in the time of movement is 
considerably greater than that of its extent; and fourth, that the variation 
in both extent and time of movement decreases with increasing rate. The 
experiments thus show a degree of independence in the rate and extent 
of movement which precludes the possibility that the extent of movement 
is determined merely by the control of the duration of the excitation of 
motor pathways. They indicate, on the contrary, that there is a control 


Table 4.4. Variation of the Rate of Movement Compared with Variation in 
the Extent of Movement 


—— nn nn nn 


Standard Standard 
Average dis- coefficient Average coefficient Distance 
tance, of time, of required, 
Test ° cm. variation sec. variation in. 
A 4.27 0.334 0.69 0.272 1 
B 8.05 0.156 2.19 0.216 2 
c 11.52 0.153 3.97 0.398 3 
D 12.59 0.121 1.44 0.524 3 
E 9.87 0.119 0.80 0.264 3 
F 11.41 0.115 0.68 0.235 3 
Average 0.166 0.285 


ERA eS 


° In tests A, B, h j sas allowed to select his own rate of movement; in 
3 E. e subject was al 1 N ‚of mo 
test D he nn one qu is in E, still more rapidly; and in F, to jerk his foot back 
as quick]; ssible. The averages are each based on ten trials. 


sp 


of the intensity of motor discharge which is independent both of the 
duration of excitation and of the effects of the discharge upon the 
effectors, The increase in accuracy with increased speed is in accord with 
e results obtained by Woodworth (6) in his study of the accuracy of 
automatic movements and confirms his assumption that rapidity of normal 
movement interferes with its accuracy only by reducing the influence of 
the “current control” of the excitations aroused by the moving organs. 
The time records showed further that the slow movements were not 
the result of a single muscular contraction but consisted, in practically 
Every case, of a series of from two to five successive contractions, result- 
ing in alternate acceleration and retardation of the movement. This 
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furnishes additional evidence against a temporal control of movement and 
also raises the question whether an initial set is adequate to account for 
an accurate movement which is excited by a series of innervations, with- 
out some controlling mechanism which is active continuously during the 
course of the movements. 


Reactions to Error of Movement 


In occasional instances the subject stated that a given movement was 
longer than he intended. Records of only eight such movements have 
been obtained but in every case the recorded movement was considerably 
greater than other movements of the series in which it occurred. The 
recognition of such movements is ascribed by Woodworth (6) to sensory 
elements arising from the movement. If, as seems established by the tests 
recorded, the subject of the present experiments was anesthetic to move- 
ments of the knee, the detection of error must be ascribed to some mech- 
anism other than the receptor system of the moving organ. This demands 
a distinction not only between the initial set or intention of movement 
and the final adjustment due to sensory stimulation, but also the recogni- 
tion of a third factor in the control of movement, the capacity of reaction 
to the intensity of innervation which is independent of both the initial set 
and the excitations from the moving organ. This suggests the old doctrine 
of the feeling of innervation, although an alternative hypothesis must be 
considered. This is outlined . . . [below]. 


Effects of Fatigue 


In some of the earlier tests, after many repetitions of a given move- 
ment, the subject complained of feeling resistance to his movements and 
at the same time increased their length. It seemed that this might be the 
result of fatigue and a number of series of movements was therefore made 
to test this more thoroughly. The subject was required to repeat a move- 
ment of a given length from 20 to 85 times. Resistance to the movements 
was offered by a spring which drew the foot back to the starting point 
after each movement. 

+. In each case repetition of the movement led to a considerable 
increase in its extent. The progression in the length of movement in two 
series . . . [was clear cut]. During the later trials of the long series the 
subject stated that he felt tired and that it seemed to require a greater 
effort to move his foot than had been necessary at first. 

We can scarcely interpret such data at present. The progressive in- 
crease in the length of movements estimated as equal seems almost 
certainly the result of the frequent repetition of the movement. From the 
subject's statement it seems probable also that the increase resulted from 
some feeling of resistance or of increased effort necessary for the move- 
ment, which led to an overcompensation. The source of the stimulation 
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leading to this compensation offers an interesting problem. It does not 
seem probable that with the extensive anesthesia to all other forms of 
stimulation there should still persist a normal sensitivity to chemical 
changes in the muscles which give rise to the feeling of fatigue. The 
alternative seems to be some cortical mechanism by which the increase in 
the threshold of excitability of the motor cells resulting from fatigue 
directly modifies the behavior of other action systems besides the one 
which is immediately involved in the movement. 


The Interaction of Different Muscles in the Control of Movement 


Owing to the lack of adequate means for determining the degree of 
tension of the muscles of the subject’s thigh, it was not possible to de- 
termine the relative functions of the flexors and extensors in controlling 
movement, but a few crude observations indicate that much of the normal 
complex interplay of the muscles is retained. In quick flexing movements 
a preliminary contraction of the quadriceps extensor is detectable although 
the inertia of the subject's foot prevents the appearance of a form of 
reaction movement similar to that first described by Smith (5) for finger 
Movements, There is also, seemingly, an increase in the tension of the 
quadriceps as the limit of movement is approached. 

„ When the subject is asked to contract both flexors and extensors, to 
‘make his leg tense,” an apparent fluctuation in the intensity of innerva- 
tion results in oscillations of the foot, yet a given degree of extension is 
Maintained much longer than when he is merely asked to hold his leg 
extended as in the experiment described . - - [earlier]. In the latter case 
Only the extensors are in active contraction so it seems that the simul- 
taneous excitation of both flexors and extensors permits of a steadier and 
Much longer motor discharge than is possible when only one set of 
muscles is innervated. 

complete loss of the tendon reflexes and the great reduction in 
the tone of the muscles makes a reciprocal innervation of the antagonistic 
muscles improbable and suggests that the interaction of antagonistic 
Muscles in the control of movement is regulated by some part of the 
nervous mechanism cephalad to the spinal segment from which the 
muscles are innervated, 


The Influence of Training 

The final question arises as to whether the condition of control of 
Movement in this subject is comparable to that of a normal individual or 
Whether some mechanism of control has been developed by practice 
which was not functional at the time of the lesion. The present observa- 

Ons were made five years after the spinal injury but the subject’s history 
Scarcely supports the view that his control of movement has been re- 
acquired by practice during this time. For the first year after injury he 
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practiced daily walking with crutches for two hours but he made such 
little progress that he became discouraged and gave up all attempts to 
recover the lost functions, spending his time either in bed or in a wheel 
chair. Except for this relatively brief practice, which aimed only at a 
visual control of movement, there is no history of any activity which 
could develop an active control of short, slow movements. 


Discussion 


Every adaptive movement seems to involve three physiologically dis- 
tinct processes when we attempt to analyze its neurological mechanism. 
These are (a) the initiation of motor excitation resulting in muscular 
contraction; (b) its continuation by a series of disturbances propagated 
either in the central nervous system, or reflexly as a result of the motor 
discharge; (c) the cessation of excitation of the protagonists and excita- 
tion of the antagonists. The first of these has much in common with the 
simple reflex twitch and is not of moment in the problem of control of 
accuracy of movement unless in some way the extent of movement may 
be determined by the initial excitation of the motor pathway. The con- 
tinuation of the movement implies the production of a series of tetanic 
contractions arising from successive nerve impulses, which have been 
excited by a single momentary stimulus. The duration of the tetanus 
varies with the extent of the contraction. Curiously enough, no more than 
vague suggestions have been advanced to account for this change from 
brief to long-continued excitation. The demonstration by Forbes and 
Gregg (2) that a single strong stimulus may induce the propagation of 
two or more waves of disturbance in the nerve may furnish the clue to 
the continuation of movement, but the increase in duration of excitation 
which they have shown is very slight and seems inadequate to account 
for movements continued for several seconds. Upon this the present work 
gives no data except the probable elimination of circular reflexes by which 
a contracting muscle might stimulate its own contraction, a possibility 
perhaps adequately disproved already by operative experiments. 

The cessation of movement is no more explicable today than its con- 
tinuation. To be useful, a movement must end with the attainment of 
a result which is specific for a given stimulus; it must reach a determined 
distance, exert a determined force, etc. In many cases the stimulus to 
cessation or inhibition of movement evidently comes from exteroceptors 
and does not directly involve the receptors of the moving organs, but in 
the experimental duplication of a pattern set by active movement no 
extero-stimulation is present to determine the cessation of movement and 
its duration and extent must be determined wholly within the organism, 
either by excitation of proprioceptors or by processes carried out wholly 
within the central nervous system. Several alternative hypotheses to 
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account for the cessation of movement in such cases have been formulated 
in such a way as to make experimental test possible. 

The first of these appeals to the local sign, assuming that the extent of 
movement is determined by a change of one pattern of stimulation in 
the moving organ to another. It seems to demand a vast if not infinite 
series of specific reactions to different patterns of stimulation (3, p. 408). 

A second assumes that the extent of movement is determined by the 
amount of exeitation coming from the moving organ, the amount varying 
with the extent of movement. The hypothesis seems to demand the as- 
sumption of priming or preliminary integration of efferent neurones 
before the initiation of movement. 

Third, there may be purely intracortical control by some spreading of 
excitation, of whose nature we can form no concept at present. 

Some evidence bearing upon the role of excitations from the moving 
organ in the control of accuracy has been obtained by other experimenters. 
Lack of space prevents any extensive summary of the literature and the 
thorough review of Woodworth (7) makes this unnecessary. Indications 
of the relative independence of motor discharge from direct control by 
circular reflexes come chiefly from three sources: (a) The discovery by 
Bowditch and Southard (1) that the reproduction by movement of a 
pattern distance set by visual stimulation is more accurate than that of 
One set by kinesthetic stimulation gives evidence of the importance of the 
Preliminary set for accurate movement, although it throws no light upon 
the mechanism of the preparation of movement. (b) The observation of 
Loeb (4) upon the inequality of simultaneous movements of the two 
arms indicates that the movements of the two have a common source of 
control the action of which is relatively independent of the extent of 
movement. (c) In his study of automatic movements Woodworth (6) 
of movement increased in direct ratio to the 


found that the accuracy 
ded that such movements are controlled by 


Speed. From this he conclu 
the initial set, 


The significance of the results of the present study depends upon the 


validity of the evidence obtained for anesthesia to slow movements, The 
Various tests recorded have shown that (a) the subject is unable to de- 
termine the position of his leg (except occasionally when the knee is 

Yperextended); (b) he cannot detect the extent, duration, direction, or 
even the presence or absence of passive movements of the knee, if such 
Movements are made at a rate of less than 20 a Bee second, (c) he is 
unable to detect the movements and changes in degree of active contrac- 
tion of muscles of the thigh occurring during his attempts to hold the 

nee in a given state of contraction against the pull of gravity; (d) he is 
unable to determine whether or not his attempts to bend his knee have 
resulted in movement when various amounts of resistance are opposed to 
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the movement. In the face of this evidence we can scarcely hold that he 
retains a sufficient sensitivity to movement to make possible a reflex con- 
trol of the extent of movement or a distinction between the extent of 
actual movement and the intended extent, based upon any stimulation of 
the receptors of the leg. We are rather forced to the conclusion that the 
phenomena observed are independent of afferent excitations from the 
moving organ, 

The experiments have shown that the subject is able to control the 
extent of his movements with almost normal accuracy, to vary the speed 
and extent of movement independently, and to make rhythmic alterations 
of flexion and extension. The evidence for anesthesia makes it necessary 
to assume that all these activities may be carried out in the absence of 
excitation from the moving organ. The mechanism of control must be 
sought either in the central nervous system or in some other body seg- 
ment. Data on the accuracy of movement at different rates show that in 
the present case its extent is not determined solely by its duration. This 
makes it necessary to assume some regulation of the intensity of motor 
discharge which is independent of its duration. Is this determined imme- 
diately by the incoming stimulus to movement resulting in a “set” 3 by 
which a given intensity of motor excitation is aroused explosively with- 
out further possibility of control, or is there such a spreading of the motor 
impulse that some control of its intensity is possible during the discharge? 
A certain amount of evidence bearing upon this question has been 
obtained. It comes from three sources. First, very slow movements were 
not made by the subject as a steady contraction of the muscles but by a 
Series of impulses following each other at intervals of one-tenth second 
or more, Second, the subject was able to detect the excessively long 
movements of a series and to state that they were longer than he intended 
to make them. Third, he complained of fatigue at the same time that he 
showed objective signs of some disturbance in the normal conditions of 
movement, while chemical sensitivity to fatigue products in the muscles 
of the anesthetic leg seems improbable. These points are not at all firmly 
established by the data at hand but all indicate that there is a spreading 
of the motor excitation which plays a part in the control of movement 
and may perhaps lead to some phenomenon such as that described as the 
feeling of innervation. The hypothetical explanation of such a condition 
which is most open to experimental test is that assuming a spread of the 
motor impulse to other action systems with reflex control from them. 
It may, perhaps, be tested bya study of the possibility of controlled 
movements within intervals less than the minimum cortical reaction time. 

3It would be profitless to discuss here th 


e nature or existence of attitude or set. 


ý ‚of refi » the assumption of an altered muscular tonus, 
or what not, it seems distinguishable from the condition in which control of movement 
occurs after the initiation of the motor impulse. 
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Experiments to this end are now in progress. As evidence for the im- 
portance of the initial set, on the contrary, there is the fact, emphasized 
earlier by Woodworth (6) for automatic movements, that the accuracy of 
movement increases directly with the rate. The evidence at hand is not 
adequate to rule out either alternative. 


Summary 
Active movements of the left knee were studied in a subject having a 
complete anesthesia to movements of the joint. Evidence bearing upon 
the nature of the control of movement in such a condition suggests the 
following conclusions. 
1. Accurate movement of a single joint is possible in the absence of all 
excitation from the moving organs. The interaction of the various muscles 
concerned in the movement is not obviously different from that found in 
normal subjects. 
2. In contrast to reflexly controlled movements, the accuracy of move- 
ments under such conditions is in direct ratio to their rate, that is, within 
the time tested, the quicker the movement the more accurately it is made. 
3. The control of accuracy of the movements is relatively independent 
of their duration; movements of different lengths do not result from a 
uniform excitation continued for varying time intervals but from variations 
in the intensity of motor discharge. p . , 
4. It is probable that a control of the intensity of motor discharge after 
its initiation is possible in the absence of excitation from the organs 


activated, 


5. The normal phenomena of f 
that the chemical sensitivity of the 


atigue occur when it is highly probable 
fatigued muscles is reduced. 
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T, THE RETENTION OF HABITS BY THE 
" RAT AFTER DESTRUCTION OF THE 


FRONTAL PORTION OF THE 
CEREBRUM! 


Much has been written regarding the neurology of learning and especial 
attention has been directed to the cerebrum. Comparatively little evi- 
dence has been adduced to show what cerebral elements are used in the 
formation of habits, although recent experimental investigations show 
that the frontal portions of the cerebrum are utilized by monkeys, dogs, 
and cats.2 In only those animals with a highly developed brain is there 
a distinct differentiation of the frontal (as an association area) from the 
central (so-called motor and sensory-kinesthetic) area, and in fact the 
Possibility of the histological differentiation of numerous areas of the 
brains of many of the lower animals is slight. The relatively simple and 
homogeneous character of the cerebral cortex in the rodents makes their 
cerebral physiology worthy of study, and there is the added advantage 
that the animals acquire habits rapidly and much information is at hand 
regarding their normal reactions. 

At the same time, on account of their low cost and ease of housing, 
many different experiments on the brain may be made which are not 
possible with animals having larger and more highly developed brains. 
Such experiments on rats may be expected to give results of at least sug- 
Sestive value respecting the functions of corresponding parts of more 
highly evolved brains, Thus, if it is found that these animals can acquire 
ain small or large parts of the cerebrum, 
3 i removal of other parts, or if they can retain but cannot 
acquire habits after certain cerebral destructions, there will exist a basis 
sive and intensive work on the so-called higher animals. 
k was undertaken with those objects in view. 


1 EDITORS? NOTE: S. I. Franz and K, S, L ji 1 
Tanz inama Mey, authors. From Psychobiology, 1917, 1, 
8218. Reproduced by permission of Williams and Wilkins Co gee the Government Hos- 
pital for the Insane and the psychological laboratory of the Johns Hopkins University. 
For most of the evidence: $. 1. ‘tanz. The frontal lobes. New York: Science Press, 1907. 
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Several questions were posed, although the facts to answer only a few 
parts of these questions are now available. Some of the questions are: Do 
rats retain habits of recent formation after the destruction of certain 
cerebral regions? Do they retain habits of long standing, or those in which 
there has been an overtraining or overlearning? Can rats learn after the 
whole removal of the cortex? If learning and retention are possible after 
destruction of parts of the cortex, how much and what parts of the brain 
are necessary for, and what parts are normally used in the formation and 
retention of habits? At the present time there are available results of ex- 


periments in which the frontal por- 
tions of the brain have been de- 
Stroyed, and in which there have 
been destructions of two-thirds or 
More of the whole cortex (that of 
the cerebral convexity), but only 
those experiments dealing with the 
effects of frontal destruction will be 
reported here. 

When the experiments were un- 
dertaken there was available a large 
number of rats which had been 
trained in a simple maze for other 
Purposes and it was decided to use 
them in preliminary tests. The maze 
Was built after the pattern of the 

erkes discrimination box (Fig. 


5.1). It consists of a starting com- 
partment (a) leading by a sliding 


Fig. 5.1. Simple maze. (a) Starting 
compartment, (e) food. The dotted 
line shows the path taken by well- 


trained animals, keeping close to the 
right-hand partition and cutting close 
around the corner. 


Sor to a central alley (b), which 
at its outer end offers the alterna- 
tives of the cul de sac (c) and the 


alley (d) leading directly to the 
food ed A ped oe es character had decided advantages for the 


training of large numbers of animals but is not altogether suitable for 
ò 


tests on retention on account of the speed with which it is learned and 
given correct trial is the result of 


© degree of probability that any 


Chance, Incid bservations on the beh 
ental o at importance for the determination of the 


ne: are therefore of gre 
tention of the habit. 


thes "0 activities of the animals in the maze 
eir characteristics are evidences of learning 


retention abits. These activities re! 
of the maze ope to the shortening of the path to the food. 


or of the starting box 


avior of the animals in the 


are to be especially noted, as 
or lack of learning, and of 
late to the reactions at the 
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When first introduced into the starting compartment of the maze the rat 
sniffs at the wire cover, sides, and corners of the compartment and pays 
no particular attention to the door. When the door is first raised he usually 
stands erect and sniffs at its lower edge before venturing into the first 
alley. With practice his reactions become centered on the door; he tries 
to push it up or sniffs at the crack under it. The moment that the experi- 
menter touches the door to open it the rat turns with his head in the right 
front corner of the starting compartment and as soon as the door is 
raised high enough to admit his body crawls out into the alley. This be- 
havior is noted in the records of the 
tion to opening door.” 
time in sniffing at the 


different animals as “normal orienta- 
"In his first trials in the maze the rat spends much 
wire cover, the walls, and particularly the corners 
of the maze. The trained rat can go from the starting compartment to the 
food in 1.2 seconds. The minimum time on the first trial for any of the 
sixty rats that have been trained has been eight seconds and the modal 
time is about thirty seconds, most of which is spent in exploratory sniffing. 
With practice these exploratory movements disappear and the animal runs 
to the food without a pause. Many animals come to follow the path 
marked by the dotted line in Fig, 5.1. That is, they keep close to the 
right-hand wall of the middle alley and keep close to the end of the 
partition in rounding the turn. This cutting down of excess distance and 
the absence of exploratory sniffing are characteristic of the later stages of 
learning, and when they appear in retention tests are therefore conclusive 
evidence for at least a partial retention of the motor habits of the maze. 

In training, ten Successive errorless trials were taken as evidence for 
learning (rarely more than six errors are made in the hundred trials fol- 
lowing the achievement of this record). Some of the rats were then given 
an overtraining of from one to two hundred trials before the destruction 
of the frontal lobes, Others were operated upon on the day following 
that on which learning was completed. 

The operations were performed under ether anesthesia, and at the end 


the cue scalp was closed with sutures and was covered with a cotton and 
collodion dressing, 


In some cases a transverse opening about 4 by 8 mm. was made in the 


the fronto-parietal suture, and the frontal area of the 
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tion of the extent of the destruction of tissue makes it possible to obtain 
records of some animals in which the exact lesion desired has been 
produced. 

Most of the animals have been kept for two weeks or more after the 
Operation and in many cases the absorption of the clot has progressed to 
such an extent that it seems advisable to wait until histological examina- 
tions of the brains can be made before describing the lesions. Fourteen 
animals have been operated upon for destruction of the frontal lobes and 
of these eight have been autopsied. In these the gross lesion has been in 
every case as extensive as that indicated in Fig. 5.2, and in three of the 
animals has extended back so as to involve the anterior two-thirds of 
the cortex. 

Brief records of the animals stud- 
ied are given below. Whenever possi- 
ble, fifteen trials in the maze were ob- 
tained from each animal on the day 
following the operation. The time 
consumed in each of these trials in 
Boing from the starting compartment 
to the food dish and the numbers of 
errors, either of entering the cul de 
Sac or of turning back upon the true 
Pathway, were recorded. In the fol- 
lowing records the total time con- 
Sumed in these fifteen trials and the 
total number of errors are compared 
With the total time and errors of the 

"St fifteen trials made by the same time and number of errors of the 


“At in its first training in the maze. The au 
Tats’ first trials in at at the begining of training are also compared 


With those of the first trial of the retention habe es to an 
Obseryations are reported on the general behavior of the animals in the 


Maze, 


Fig. 5.2. Diagram of the extent of 
the lesion in rat H1 2, as determined 
by gross dissection. 


Animals Tested for Retention without Overtraining 


the beginning of training. 
Experi inety-four days old at the 
Learning was complied ia gone trials at ten trials per day. No over- 


Aining, 8 } 
i d by extensive hemor] hage. 
Operati. hine holes, followe $ ; 
atio; trephin a . The mal wa 
Re ention eel pie hours after the ae Be 
Constantly irritated b inflammation of the nasal i normal. In every 
is condition. Sects in a es right-hand wall of the 
<. except t e the animal kej FE the second trial she 
Middle alley a ea to the end of the partition. On th 
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turned into the entrance of the cul de sac but did not advance more than two 
inches. Various tests suggest that she was anosmic. . . . 

Experiment 2. G12. Ninety-four days old. Leaming was completed in 
twenty-three trials with two trials per day. No overtraining. 

Operation through large transverse opening, followed by considerable hem- 
orrhage but with recovery of motor coordination within half an hour. Retention 
was tested twenty-six hours after the operation. The rat was very weak, falling 
over when attempting to make quick turns or to scratch the dressing on her 
head. She oriented in the starting compartment and gave no evidence of ex- 
ploratory sniffing in the maze. On the first trial she turned into the cul de sac 
and wandered back and forth for a few seconds, then went directly to the food. 
A second error was made on the eleventh trial. The other trials were made 
correctly but at a rather slow rate. The rat made frequent long stuporous 
pauses and spent a good bit of time also in scratching at the dressing on her 
head. On the following day she was given twenty trials in the maze and in 
every case reached the food without error and in less than four seconds. . . . 

Experiment 3. H19, Nine -two days old. Learning was completed in 
twenty-one trials with two trials per day. No overtraining. 

Operation through two trephine holes, with little hemorrhage. Retention was 
tested twenty-four hours after the operation. The rat oriented in the starting 
compartment, ran promptly and without exploratory smelling, and never ex- 
plored the maze in a way comparable to that of normal animals in their first 
trials. She entered the cul de sac on the first, fifth, eleventh, and thirteenth 
trials but turned back promptly before reaching the end of it. On the errorless 
trials she followed the path marked in Fig. 5.1... . 


Animals Tested after Overtraining 


Experiment 4, Glé. Seventy-three days old. Learning was completed in 
twenty-one trials with ten trials per day. Training was continued for 170 trials. 
es through large transverse opening, followed by 
Het altace ention was tested twenty hours after the operation. The 
riente correctly in the starting compartment and advanced promptly 
Fre ane a = eee On the first trial he turned into the cul de sac and 
tis load sg in the first corner, then backed out and went directly to 
ee ace a second error on the fourteenth trial. The other trials 

ect but delayed by a Peculiar reaction. When he reached the first 
corner after passing the turn he would pause with his nose close in the corner 
(but without apparent sniffing), then back away and turn down the alley to the 
food. Tests made by pulling his vibrissae while he was eating indicated that 
these organs were lacking in ta 5 

„Experiment 5. ELS: Seventy-five days old. Learning was completed in 
ninety trials with ten trials per day. Training was continued for 120 trials. 
ine hole on the left with little hemorrhage. 


di al ater. at oriented in the starting 
compartment, and in the majority of trials followed the path indicated in 


Fig. 5.1. On the third and fifth trials she retraced a part of the direct pathway 
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to the food and on the tenth trial she swerved so that her head was in the 
cul de sac, but she never ventured entirely off the direct pathway. . . . 
Experiment 6. F2 ô. Sixty-nine days old. Learning was completed in twenty- 
four trials with two trials per day. Training was continued for 170 trials, 
Operation through large transverse opening with very severe hemorrhage. 
Retention was tested twenty-three hours after the operation. The rat was active 
and oriented correctly in the starting compartment. In four trials the rat re- 
turned to the starting compartment after advancing for his own length into the 
middle alley, but he did not leave the pathway once in fifteen trials. . . . 
Experiment 7. G3. Seventy-three days old. Learning was completed in 
twenty-four trials with ten trials per day. Training was continued for 170 trials. 
Operation through trephine holes with little hemorrhage. Retention was 
tested twenty-four hours after the operation. He oriented correctly to the 
Opening of the door, ran quickly and followed the path of Fig. 5.1 in all but 
the first and second trials. In the first trial he entered the cul de sac but turned 
back without exploratory sniffing. In the second trial he put his head into the 
entrance of the cul de sac, but did not enter it. He appeared to be anosmic. . . . 
Experiment 8. F29. Seventy-five days old. Learning was completed in 
twenty-five trials with two trials per day. Training was continued for 200 trials. 
Operation by transverse opening with severe hemorrhage. Retention was 
tested twenty-six hours after the operation. The rat was very weak and her 
movements were, as a rule, slow and hesitating but without marked pauses at 
the entrance of the cul de sac. On the first trial she explored the cul de sac 
quickly, but without exploratory sniffing, and had some difficulty in finding the 
food in the dish. On the tenth and thirteenth trials she again entered the cul de 
Sac but did not go to the end. On the other trials she followed the most direct 
Path and cut close around the end of the partition. . . » . 
Experiment 9. D19. Sixty-nine days old. Learning was completed in forty- 
eight trials with ten trials per day. Training was continued for 200 trials, 


The Fonts Tobes was destroyed by a transverse incision. Retention was 
operation. The rat oriented correctly in the 


tested u after the 
sitting Go armen, alten to lift the door by thrusting her nose under 
it. Two errors were made on the fifth trial, The others were run correctly and 
by the shortest possible path. There was no exploratory sniffing. Do ie . 

Experiment 10. B18. Sixty-seven days old. a Kir: epee $ 
Seventy trials with ten trials per day. Training was Bun BL ei als. 

The frontal lobes were destroyed by a Kane ECITON eu 
tested twenty-eight hours after operation. On the first vee lee 
maze hurriedly without pausing to sniff, In the later trials he usually paused and 
swayed back and forth at the end of the first passage but entered Hhelcul RER 
only One: on the seventh kial He oriented in the starting compartment. N 
t Experiment 11. F34. Sixty-nine days ea rie bya on we 
Tia R ` ining was continued for 2 1als. 

Is with ten trials per day. Training stroyed. Little hemorrhage. Retention 


The anterior thi Hike dei 

ird of the cortex V r 
was tested twenty-two hours after the operation. On the first trial the rat turned 
into the cul de sac and ran half way to the end, then turned back and went 
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directly to the food. He made no other error in the fifteen trials of the test, and 
followed the most direct route to the food... . 
Experiment 12. G44. Seventy-three days old. Learning was completed in 
sixteen trials with two trials per day. Training was continued for 200 trials. 
Frontal lobes were removed by a transverse incision in the region of the 
frontal-parietal suture. Retention was tested twenty- 


four hours after the opera- 
tion. The animal was very weak and spastic. He rea 


cted promptly to the maze, 
and never hesitating at the turn 
the food, pushing under instead 
als he began to show evidence of 


vere postponed for two days when 
he had gained almost normal strength. . 


Experiment 13. G28. Sixty-nine days old. Learning was completed in 
twenty-four trials with two trials per day, Training was continued for 200 trials. 
Frontal lobes destroyed by a tr 


ansverse incision. Retention was tested twenty- 
two hours after the operation. The animal was very weak and spastic. He had 
Sreat difficulty in finding the food and gnawed at the edge of the dish as much as 
at the bread, Nevertheless he followed the direct path to the food with never a 
Suggestion of reaction to the entrance to the cul de sac. During the trials there 
Were many stuporous pauses (one of fifty seconds’ duration, which accounts for 
the long time consumed in the fifteen trials . . -) so, after five trials the rat 
Was returned to the home cage and the tests continued two days later when he 
had recovered strength, . , , 
; Experiment 14, F48. Sixty-nine days old. Learning was completed in 
eighteen trials with two trials per day. Training was continued for 120 trials. 
Frontal lobes destroyed by a transverse incision through a small trephine 

hole on the left, Retention tested twenty hours after operation. The animal had 
developed a left hemi-paresis and failed to leave the starting compartment of 
the maze in an hour on each of three consecutive days. Autopsy showed an 
extensive clot over the orbital surface of the right hemisphere, extending back 
to the pons, 

Summary of Results o 


eat oe of time and errors have been summarized in Table 5.1. 
© averages it appears that the rats which were not overtrained 


f Experiments 


racting effects of the head bandages and 
© operation. None of the animals showed the 
and corners which is so characteristic of the 
l were tested immediately after the retention 


s ; n a strange cage with food and all spent at least 
thirty seconds in exploring the cage before pausing at the food, so that the 
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lack of exploratory activities in the maze must be looked upon as due to 
retention of the habit and not to a general sluggishness resulting from the 
operations. The three rats which were not overtrained oriented in the 
starting compartment and two regularly followed the path marked in 


Table 5.1. Time Required for Reaching Food; and Number of Errors Made by 
Rats in Learning Maze and in Retention Tests after Destruction of 
Frontal Lobes 


n 


Animals without overtraining 


Retention 


Learning 

ai aa a E 

First 15 trials First trial First 15 trials First trial 
Time, Time, 

Number sec. Errors Time sec. Errors Time 
G29 188 5 15 54 1(?) 2.6 
Cle 117 8 10 159 2 45 
H19 85 2 10 64 4 8 

35 277 7 55.6 


Totals 390 15 
pe ee Een Te I Ze U 


Animals overtrained 


s nn un at Te er EM 


Gla 1018 21 34 92 2 12 
F1ọ 640 19 15 44 2 4 
F24 93 7 13 68 0 6 
G84 359 ll 11 55 1 8 
F29 203 7 60 115 3 18 
D1ọ 566 23 18 57 2 1.8 
Blá 1797 33 32 137 2 12 
F34 428 ll 175 50 1 11 
G4& 135 2 20 51 0 2 
G24 134 3 31 123 0 8 
399 791 13 82.8 


Totals 5408 137 
se ee Fe Pure 


Fig. 5.1, The abnormality of behavior of the third (GL?) was probably 


ue to loss of sensitivity of the vibrissae. 

The animals which were overtrained required 87 per cent less time for 
the first fifteen trials after operation and made 90 per cent fewer errors 
than in their initial learning. This, in addition to the data on individual 

ehavior in the maze, shows that there was practically no loss of the habit 


resulting from the destruction of the frontal lobes. 
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There is an apparent difference in the amount of retention between 
animals which were overtrained and those which were trained only until 
they had learned the problem. This difference is probably not so great 
as is indicated by the averages because the long time spent by the non- 
overtrained group is the result of the inclusion of the rat G19 which spent 
a great deal of time trying to remove the dressing from her head. 

Only one animal did not show evidence of the maze habit after re- 
moval of the frontal portions of the brain. This animal showed such an 
amount of muscular weakness, or apathy, that the running of the maze 
was not attempted by it even after the fashion of an untrained animal. 
With this exception the tests gave indisputable evidence of the retention 
of the habit after the frontal portion of both hemispheres has been ex- 
cised. Moreover, the evidence is more compelling because of some obvious 
behavior disturbances in a number of the animals. Thus, it has been 
reported of the second animal, G12, that although the time for running 
the maze after the operation was greater than in the training series its 
other behavior relating directly to the maze was retained, The time vari- 
ation (lengthening) was due entirely to changes in its physical condi- 
tion other than those necessarily related to its maze activities. That this is 
so will be realized when it is remembered that the delays were made up 
of periods of scratching its head-dressing and of long stuporous or 
apathetic pauses. In the fourth animal the sensibility of the vibrissae was 
decreased, perhaps they were anesthetic, and the short times for running 
the maze after the operation are especially noteworthy. The twelfth and 
thirteenth animals were weak and spastic, and exhibited abnormal reac- 
tions in connection with the food dish, but both managed to find the 
correct path quite promptly. The time for the first fifteen trials of the 
thirteenth animal, G24, after operation was only slightly less than that 
of the corresponding period of training, but the long stuporous pauses 
account for much of the time that was taken, 

As a whole, therefore, the experiments show that in the white rat the 
removal of large parts of the frontal portions of the brain does not greatly 
interfere with a learned reaction. This is the more remarkable since it 
seems probable that the so-called motor area is in that region and that 
in most, if not all, of the cases there was a destruction or abolition of 
the motor connections. While it cannot be concluded with certainty, it 
seems likely that the motor derangements which were exhibited by many 
of the rats were due to the interference with the normal efferent impulses 
and not to the general anemia (from the hemorrhage of the operation). 
Some of the animals also showed obvious disturbances of sensibility, the 
observations indicating that in some the stimuli to the vibrissae and olfac- 
tory stimuli did not give normal effects, In the view of the importance of 
these two forms of sensibility in the rat’s reactions, we are led to wonder 
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whether these retain their predominance in the animal's learned activities, 
or are replaced by other forms of sensibility, such as the general kines- 
thetic, Although the results give plain evidence of noninterference (rela- 
tive, to be sure) with learned reactions when the frontal portions of the 
brain have been destroyed they also suggest that the habit reaction is 
not necessarily cortical in these animals. Other experiments which have 
been performed bear out this conclusion, but it seems best to reserve 
the account of these other tests until careful cerebral examinations have 
been completed. 


b. A SIMPLE MAZE: WITH DATA ON THE 
RELATION OF THE 
DISTRIBUTION OF PRACTICE 
TO THE RATE OF LEARNING! 


A Test of the Validity of Results Obtained with the Simple Maze 

The use of complicated mazes for the study of learning in animals 
originated in an effort to determine the limits of educability of the lower 
mammals. The problem of habit formation in animals soon expanded, 
however, to include the more general problem of the mechanism of 
learning and this led to a search for a method of comparing individual 
differences in learning ability and average differences for groups trained 
under diverse conditions. The application of the complicated maze to the 
determination of individual differences followed as a matter of course, 
since it provided a practicable technique for the training of animals. But 
in none of the pioneer work, nor, indeed, in any of the studies thus far 
recorded, has there been a thorough test of the applicability of the maze 
technique to the particular problems studied by its aid. This is true also 
of the various problem boxes and other apparatus used for training ani- 
mals in complex habits, 

The study of habit formation in animals has now advanced to a stage 
where accurate work is possible and where statistical methods can and 
should be employed for the evaluation of data. Many problems require 
the comparison of the rates of learning of numerous animals trained under 
diverse conditions, as in studies of the action of drugs. If the animals are 
trained in complex habits the experiment frequently requires an expendi- 
ture of time out of proportion to the results obtained, and the necessary 
restriction of the data to a few subjects leaves the experimental results 
inconclusive. A simpler technique is therefore desirable; one by which the 
subjects may be trained rapidly and data gathered upon a large number 


gprrons’ NOTE: From Psychobiology, 1918, 1, 353-367. Reproduced by permission of 
Williams and Wilkins Co. From the Johns Hopkins University and the University of 
Minnesota. 
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within a reasonable time. The training of larger numbers might, perhaps, 
be accomplished by the use of automatic training and recording apparatus 
but the apparatus of this character that has been devised is bulky, expen- 
sive, and not altogether dependable. Further, many animals seem to be 
much more disturbed by mechanical contrivances in the training box 
than by manipulation in the hands of the experimenter and the prelimi- 
nary training necessary to accustom them to moving doors, and the like, 
nearly counterbalances the advantages of automatic training. The al- 
ternative method for gathering larger amounts of data involves the train- 
ing of the animals in some easily acquired habit for which no great 
expenditure of time will be required by any one animal. 

A widely accepted objection to the use of simpler habits arises, how- 
ever, from the possibility that these may fail to demonstrate individual 
differences which would appear in more complex forms of learning. This 
is perhaps true where the primary interest of the study is in the compara- 
tive intelligence of the animals but where the problem is primarily that 
of the mechanism of learning, the nervous changes involved in the reinte- 
gration of conduction paths, the phenomena resulting from the complexi- 
ties of the habit only serve to confuse the data and make it impossible to 


distinguish between the effects of simple reintegration and those resulting 
ormation of a number of habits. This confusion is 


dies of the effects of the distribution of 
g. Such results, as I have shown in previ- 
art to the interference of simul- 


from the simultaneous fi 
illustrated by the results of stu 
Practice upon the rate of learnin 
Ous articles (2, 3) are due at least in p: 
taneously formed habits and, as the present study indicates, are probably 
always due to the complexity of the habit and not to any fundamental 
character of the learning process. The failure of a simple habit to reveal a 
difference which appeared when more complex habits were studied should 
indicate, therefore, that the difference found was due to some factor intro- 
duced by the formation of several habits simultaneously, rather than that 
taining in the simple habit failed to reveal any fundamental differences 


in the processes of learning. 


In view of the need for a simpler technique it seemed that a study of 


the adaptability of some simple habit to a comparative study of the rate 
of learning in diverse groups of animals would be of value. Since the rat 
is the animal most studied and perhaps best fitted for laboratory study it 
Was chosen for a test of technique. Various attempts were made to adapt 
the methods of study of the conditioned reflex to the rat, but without 
much success, and finally a simple maze was adopted as offering a pos- 
sible technique for comparative work. It was modeled after the Yerkes 

iscrimination box, offering a choice between a single cul de sac and an 


alley leading to food (see Fig. Bel) 


The questions to be answered by the study were: When differentially 
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treated animals learn the simple maze are differences in the rate of learn- 
ing as evident as in the formation of complex habits? If such differences 
appear, are they of the same character as those revealed in complex 
habits? How great an economy of the experimenter’s time is made possible 
by the use of the simple maze? 

It seemed advisable to use some conditions of training which have 
been tested already in complicated mazes, and of these the use of practice 
periods of diverse length was selected as a condition whose general re- 
sults are well established and whose details are capable of wide variation. 

Twenty-five rats were trained in the simple maze with ten trials per day 
and twenty-four with two trials per day. Entering the cul de sac or turn- 
ing back along the true path was counted as an error and ten successive 
trials without error were required as a criterion of learning. The general 
precautions to secure uniformity in the groups compared were those which 
I have described in an earlier study of the circular maze (4). The condi- 
tions of feeding were varied somewhat within the groups: details of this 
will be considered in the second part of this paper. 

The average number of trials required for learning by the animals 
having two trials per day was 21.5 + 0.81. The average number for the 
animals having ten trials per day was 57.8 + 4.70. The difference is 
36.3 + 4.76 trials in favor of the group practicing with fewer trials per 
day, a saving of about 60 per cent as a result of the distributed practice, 
This result is in accord with the data obtained by Ulrich (8) in his study 
with the circular maze and indicates that the simple maze is as well 
adapted to bring out group differences of this character as is the more 
complicated apparatus. 

When the animals had learned the maze they were used in operative 
experiments. Portions of the cerebral cortex were destroyed and reten- 
tion of the maze habit was tested after the operation. In this type of 
work also the simple maze proved useful (5). 

With respect to the time consumed in training, the simple maze offers 
a great advantage over the more complicated apparatus. The average time 
consumed by each of the forty-nine animals in actual practice in the maze 
was 7.4 minutes. The average time required in practice by a group of 
thirty-two normal animals trained previously in the circular maze was 47.1 
minutes, That is, more than six times as much time must be spent in 
training animals in the circular maze as in the simple maze, yet the results 
of the former method are in no way more reliable than those of the latter. 

The saving of time is probably of less importance than these figures 
suggest, for a great deal of time is consumed in placing the animals 
in the starting compartment, in waiting for them to enter the maze, in 
recording their behavior, and in caring for them between training periods, 
so that the time spent in actual training is only a small per cent of that 
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demanded by experimental work. Even so, the item of forty minutes 
saved in the training of each animal is not to be neglected. 

It seems then that the simple maze offers a dependable method of 
comparing individual differences in learning ability, not inferior to that 
proved by training in more complex habits, and that it affords a signif- 
icant economy of the experimenter's time. 


Data on the Effects of the Temporal Distribution of Practice 


The relative simplicity of the habits that must be formed for the accu- 
rate running of the simple maze has made it possible to distinguish certain 
types of behavior which seem correlated with the effects of the temporal 
distribution of practice and may contribute something to our knowledge of 
the way in which long practice periods retard habit formation in the rat. 
The experiment was originally planned to test the effects of a variety of 
methods of training other than variations in the distribution of practice. 
The unexpected result appeared that the diverse methods of training 
produced different effects, conditioned by the distribution of practice, 
and it is in these different effects that the chief interest of the experiment 
lies, 

For training the animals were divided into four groups with which 
diverse methods of training were used. With one of the groups (A) the 
Customary methods of training were employed. Food was placed in the 
end of one alley (Fig. 5.le). The animals were confined in the end of 
this alley and fed there on three days preceding training. During training 
they were allowed to reach the food at every trial; that is, to correct 
errors made in the cul de sac. 

The second group (B) received similar training except that the animals 
Were allowed to explore the entire maze, without food, for twenty min- 
utes on the day before training was begun. j 

The third group (C) was treated like the first except that the animals 
were not allowed to correct their errors but were returned immediately 
to the starting compartment if they entered the cul de sac or turned back 
along the correct path. Each time that they were returned to the starting 
Fe a trial was recorded, whether or not they had reached the 
ood, 

The fourth group (D) was trained like the first except that a dish of 
food, covered with fine wire netting so that the food could not be reached, 
Was placed in the end of the cul de sac. 

Each of these groups was subdivided into two, one of which received 
ten, the other two trials per day. A summary of the groups is given in 
Table 6.1. 

Training was continued until the animals made ten successive trials 
without error. In some cases training was continued beyond this point 
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for as much as two hundred trials. None of the animals so trained made 
more than 5 per cent of errors in these later trials, so that the criterion 
may be looked upon as indicating practically perfect learning. 

The average numbers of trials per day required by the different groups 
are given in Table 6.2. Under all the various conditions of training the 
animals which were trained with only two trials per day learned more 


Table 6.1. Conditions of Training for Animals Tested in the Simple Maze 


— ns 


Number of animals 


m 

Variations from customary Two trials Ten trials 

Group methods of training per day per day 
A Normal 10 9 
B Preliminary exploration 5 5 
Cc Errors not corrected 5 5 
Cc Screened food in cul de sac 5 5 


rapidly, per unit of practice, than those which were trained with ten 
trials per day. The average difference for all the groups resulting from 
the different distributions of practice is 36.3 + 4.8, and as this is nearly 
eight times its probable error indicates a real effect of the distribution of 
practice. 

But among the groups trained by different methods the effects of dis- 
tribution of practice vary enormously, from a minimum of 53 per cent to 
a maximum of 338 per cent increase in practice required for learning 
following equal lengthening of the practice periods. The relatively slight 
individual variation within the groups, indicated by the small probable 
errors, makes the differences significant. 

The methods of training most effective in producing variations from 
the rate of learning determined in the customary way were preliminary 


exploration of the maze without food and presence of screened food in 
the cul de sac. The significant differences found are: 


a 


Two trials per day Ten trials per day 
A-B 19 20 22.3 5.6 
D-A 4.1 25 58.7 10.6 


SS Sn et en, 


(C and A are practically identical.) 
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The influence of these different methods of training was in the same 
direction for both concentrated and distributed practice, but only in 
concentrated practice were marked effects produced. 

The simplicity of the movements involved in traversing the maze made 
it possible to record the behavior of the animals in detail and to distin- 
guish characteristic differences in the behavior of the different groups 
which seem to be correlated with the rate of learning. The variations in 
behavior relate chiefly to two instinctive modes of response to the maze 
problem. i 

1. When given food in a somewhat unfamiliar environment the rat 
will almost invariably explore the neighborhood of the food before eating. 
In the circular maze the exploration usually includes the food compart- 
ment and the alley surrounding it. If the animal is not restrained after 


Table 6.2. Average Number of Trials Required for Learning the Simple Maze 
by Animals Trained under Diverse Conditions 


—— mmm 


Average trials Number Average trials Number Difference 


Group at 2 per day ofrats at 10 per day of rats (trials) 
a O OUO a 
A 21.1 0.8 10 51.7 483 9 30.6 4.4 
B 192 19 5 29.4 3.6 5 10.2 4.14 
c 22.6 17 5 44.6 2.7 5 22.0 3.2 
D 25.2 24 5 110.4 9.7 5 8.2 99 
All 215 08 25 57.8 47 24 36.3 4.8 


reaching the food it is almost certain to go through this exploration on the 
first trial of each day’s practice. Once the exploration is completed the 
animal will go directly to the food in the succeeding trials. The same tend- 
ency appears in the simple maze with an extension of the area explored to 
include almost the entire maze. This is shown by the following analysis 
of the path followed by the animals during their first and second trials in 
the simple maze. 

The data are taken from fifty-two animals with which training was 
begun in the simple maze. Three of these were discarded because of 
illness; the remaining forty-nine are those described above. Of the fifty- 
two, twenty-five avoided the cul de sac on the first trial. This is one less 
than the expectation from chance, since only two alternative paths were 
offered. Of these twenty-five, chance should have led one half to enter 
the cul de sac and one half to avoid it on the second trial and, if the prin- 
ciple of recency were an important factor in learning, more than half 
should have gone directly to the food. Instead of this, however, seventeen 
of the animals entered the cul de sac on the second trial and only eight 
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went directly to the food. This result seems to indicate an instinctive 
tendency to .varied activity, or to a thorough exploration of the en- 
vironment. 

The tendency to explore the maze becomes much more pronounced if 
the animals are frightened at any time during training and this leads to 
additional errors and an apparently increased learning time. 

2. The second factor of importance in prolonging the learning process 
in concentrated practice is emotional disturbance in the food compart- 
ment. Unless the animals have been handled a great deal they will give 
avoiding reactions when the experimenter attempts to pick them up and 
readily learn to avoid places where they have been caught. The follow- 
ing behavior is typical of the animals in the groups which showed marked 
retardation in concentrated practice. 

The animal reaches the food and begins to eat. The experimenter puts 
his hand into the food compartment to transfer the rat to the starting box. 
The rat retreats and is caught. On the next trial he advances toward the 
food, pauses, extends his head upward toward the place whence the hand 
came before, makes several false starts, and finally advances timidly to the 
food, giving evidence of increased tonus and readiness for flight. Under 
the usual conditions of training (group A) this behavior rarely appears on 
the first trial, becomes marked on the third to fifth, and disappears by the 
end of the practice period. It seems as though several trials were required 
to set up the association between the food compartment and the avoid- 
ing reaction, in each day's practice, and several more to fatigue the con- 
ditioned emotional reflex so established. This is shown clearly by the 
following average times required for successive trials on the second day 
of training by the animals in group A: 


Trial 1 


iw} 


3 4 5 6 7 8 9 10 
Seconds 18 22 57 37 28 15 13 13 17 16 


The increased time in the second to fifth trials is characteristic of many of 
the records and is correlated with the flight reactions near the food com- 
partment. 

The chief importance of these two factors in favoring distributed prac- 
tice lies in the fact that their effects are shown in the later trials of each 
day’s practice. When only two trials are given there is not time for the 
ght impulses and so fewer errors due 


been allowed to become thoroughly familiar with the maze, rarely gave 
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the flight reactions in the food compartment and there was slight indi- 
cation of a summation of emotional disturbance such as appeared in 
group A. Familiarity with the maze reduced the tendency to emotional 
disturbance. This is shown by the following average times for successive 
trials in group B (ten trials per day) on the second day of practice: 

Trial 1 2 3 4 5 6 7 8 9 10 


Seconds 38 22 20 17 22, 8 5 5 5 13 


The time of successive trials falls steadily throughout the practice period. 
The rats in group D, on the contrary, showed a much more marked tend- 
ency to flight reactions in the food compartment than did those in the 
other groups. They would frequently advance to the food dish, then turn, 
run quickly into the cul de sac, and gnaw for some time at the wire cover 
of the food dish there. Apparently owing to the presence of the screened 
food in the cul de sac, as offering the stimulus of food without associated 
handling, these animals frequently persisted in their avoidance of the 
food compartment and in their efforts to get at the food in the cul de sac 
throughout the practice period. This is shown by the following average 
times for successive trials in the second day’s practice: 

Trial ii 2 8 4 5 6 m 8 9 10 


Seconds 14 34 33 ll 27 22, 35 20 36 154 


The prolonged time toward the end of the day’s practice is characteristic 


of the early days of practice of this group. 
The seine eae the exploratory impulse and of emotional disturb- 


ance thus seems to be characteristic of the groups showing marked 
retardation of learning in concentrated practice. Further, the extent to 
Which such summation occurred varied with the different conditions of 
training and resulted in corresponding variations in the amount of 
retardation. It thus seems clear that a great part of the retardation result- 
ing from concentrated practice is due to this summation of instinctive 
reactions. Even in group B, which showed the least loss of efficiency in 
ten trials practice per day, there was some indication of a tendency for the 
animals to avoid the place where they had been caught and it seems 
Probable that a large part of the retardation shown by this group is due 
also to the interfering effect of this emotional factor. The greater retarda- 
tion shown by the other groups (in excess of 53 per cent) is due, almost 
Certainly, to this one factor of summation of instinctive reactions. 


The Bearing of the Results upon Theories of the Neurological 


Basis of Learning 
_ Experimental work upon the effects of the distribution of effort in learn- 
ing has given uniform results for practically every process studied. Within 
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limits as yet undetermined concentrated practice is less efficient than 
distributed. But no satisfactory explanation of this seemingly universal 
phenomenon has yet been advanced. In an earlier paper (2) I have listed 
seven different possible explanations for the superiority of distributed 
practice found in archery, between which it is not possible to choose on 
the basis of the existing evidence, and the list then given was certainly 
not exhaustive. 

The universality of the phenomenon might be taken to indicate that 
it is due to some fundamental process in the formation of new functional 
connections in the nervous system and this is the view which seems to be 
most generally held. For example, Starch says (7): “Why are shorter and 
more numerous periods economical? The main reason, no doubt, is the 
well known fact that a period of rest after newly formed associations gives 
them a chance to become settled and fixed.” Colvin (1) makes much of 
this hypothesis, also, and gives it the rank of a general law that “it takes 
a certain amount of time for associations to fix themselves,” and this is 
used to explain not only the effects of distribution of practice but also 
retroactive inhibition and the facts included under Jost’s law. 

From the standpoint of neurological theory the truth or falsity of this 
hypothesis is of extreme importance. If there is a gradual strengthening 
of associations during periods of nonpractice there is implied a continua- 
tion of chemical changes within the nerve cells, initiated by the passage 
of a neural impulse through new channels and persisting for hours or 
even days without the influence of continued impulses. If, on the con- 
trary, no such gradual fixation occurs, the problem of the neuro-chemistry 
of learning is simplified by admission of the hypothesis that the effects of 
the passage of the neural impulse upon later conductivity are direct and 
immediate. This hypothesis is more in accord with such facts as are known 
concerning the alteration of conductivity in regions of decrement (6), 
where the learning process may, perhaps, be located ultimately, and with 
the generally established facts of the deterioration of function through 
disuse. 

The experimental evidence upon which the belief in a gradual fixation 
of associations is based is far from convincing. It consists primarily of the 
facts expressed in Jost’s law, of occasional records of improvement in 
complex functions during periods of nonpractice, and of the data upon 
the effects of distribution of practice. All of this can be explained equally 
well by other hypotheses and, in view of the extreme importance of the 
point for physiological explanation, we should be careful not to accept 
the assumption of a “gradual setting” of new functional connections until 
some real evidence is advanced in support of it. 

In studies of the mechanism of learning the processes of adjustment 
and of fixation must be distinguished as absolutely independent variables. 
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The former is, in lower animals and probably in primates also, solely the 
production of varied random activity, through which the first adjustment 
to a new situation is brought about; the latter is a process by which the 
recurrence of certain of the random activities in future trials is rendered 
more probable. Slow improvement in any function may result either from 
difficulty in discovering efficient methods of performance or from failure 
to fix as habits the methods which have been hit upon by chance. In an 
earlier paper (3) I have shown that a part of the superiority of short over 
long practice periods is due to the fact that distributed practice permits 
of greater variability of response and hence greater probability of discov- 
ering new and successful modes of attacking the problem, than does 
concentrated practice. The influence of the distribution of practice is here 
exerted upon the process of adjustment to the new situation and not upon 


that of fixation of the random acts. 
In the study cited it was not possible to determine the extent to which 


this one factor was responsible for the effects of the distribution of prac- 
tice. The present study makes it possible to estimate the importance of 
conflicting habits under different distributions of practice a little more 
accurately, although the conflicting reactions are of a somewhat different 
character from those dealt with in the first study. The retardation in con- 
Centrated practice in group D amounted to 338 per cent, that in group B 
to only 53 per cent of the effort required for learning in distributed prac- 
tice. The difference, 285 per cent, is clearly due to conflicting habits 
which affect the efficiency of performance and not the formation of asso- 
Ciations, The animals of group B gave some evidence of avoiding reactions 
in the neighborhood of the food dish, and since a slight exaggeration of 
this reaction was able to increase the retarding effects of concentrated 
Practice to 145 per cent in group A, we are justified in assuming that a 
large part of the 53 per cent retardation found in group B is due to the 
same factors which were effective in groups A and D. 

When allowance is made for the influence of stereotyped reactions 
upon random activity and for the establishment of habits which actively 
interfere with efficient performance, there may yet remain a slight reduc- 
tion in efficiency in concentrated practice which is due to the influence 
of the distribution of effort upon the process of fixation of new functional 
nervous connections. Such a remainder can be demonstrated only by a 
Process of elimination of agents which modify behavior in problem- 
Solving or efficiency of performance and this can be done only by a more 
complete control of experimental methods than has yet been undertaken. 
In the existing evidence there is no reason for the belief that any such 
Temainder will be found, at least in maze-learning. The agents acting 
upon other processes than those of fixation are adequate to account for 
all the effects of concentrated practice revealed by experiments and there 
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is no foundation for the assumption that there is any “gradual process of 
fixation” which is influenced by the distribution of practice. Whether or 
not the concept is more applicable to other forms of learning, such as 
those involving implicit activity, is a matter for experimental investigation. 
The existing studies demonstrate the superior efficiency of distributed 
practice but give no clue to the reason for it. 

The inferences drawn from studies of the rat in the maze can not be 
extended to embrace learning of other types without further study, But 
the studies with the maze are the only ones in which definite evidence 
as to the mode of action of the distribution of practice has been obtained. 
The experiments reported here and in the previous study seem to demon- 
strate that the greater part, if not all, of the effect of concentrated practice 
in maze-learning is due to the development of habits which interfere with 
efficient performance, either by limiting trial movements or by causing 
actual avoidance of the correct path. In both cases the interference is with 
the process of adjustment and not with that of fixation. 

In other forms of learning there are many agents such as fatigue and 
loss of interest in long practice periods which may interfere with efficient 
performance and so prolong the apparent learning time, while with verbal 
habits the possibility of practice outside of the experimental practice 
periods has not been altogether eliminated where short practice periods 
were used. There is thus a possibility that in all forms of learning the 
results of distribution of practice are due, not to any fundamental prin- 
ciple in the fixation of nervous integrations, but to wholly incidental 
factors arising from the particular conditions of training in each case 
studied. The evidence obtained with the maze lends some probability to 
this view; sufficient, at least, to preclude the use of such a blanket ex- 


planation as the gradual “setting” of new nervous connections before the 
influence of other factors has been investigated. 


Summary 


1. The simple maze, including a single cul de sac, provides as reliable 
an index to the rate of fixation of habit in differentially treated groups of 
animals as does the more complicated circular maze. 

2. The use of the simple maze makes it possible to train larger num- 
bers of animals and so gain a better control of individual variations. 

3. In the formation of the maze-habit distributed practice is more efh- 
cient than concentrated. 

4. This is due to factors which arise from the particular methods of 
training used, peculiar to the maze problem, and not to the influence of 
the time relations upon the process of fixation of new functional nervous 
connections. 

5. The same is probably true of all cases where the distribution of 
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effort has been found to influence the rate of learning. There is no reliable 
evidence for a gradual “setting” of the nervous connections formed during 


learning. 
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7, STUDIES OF CEREBRAL FUNCTION 
IN LEARNING. II. The Effects of 
Long-continued Practice upon 


Cerebral Localization ! 


The automatization of habits through long practice has offered a problem 
of especial interest to psychologists because of its bearing upon theories of 
the physiological basis of consciousness, and the literature contains many 
speculations and dogmatic assertions concerning the changes in localiza- 
tion through which automatic movements are eliminated from conscious- 
ness. For the most part these statements are vague in their anatomical 
reference, as when James (5) says, “In an habitual action, mere sensation 
is a sufficient guide, and the upper regions of the brain and mind are set 
comparatively free.” Here we can only infer that by upper regions of the 
brain the author means the cerebrum, although his application of the term 
“different heights” to the cerebrum and thalamus makes it fairly certain 
that this is his meaning. Some other writers have expressed the concept 
more explicitly, Münsterberg (8) asserts that “Die Mechanisierung des 

ergangs von centripetaler zu centrifugaler Erregung bedeutet die 
Ausbildung subkortikaler Verbindungen, vermöge deren die von der 
Peripherie kommende Erschütterung zu Ausführungsbahnen hingeleitet 
wird, noch ehe sie den psychophysischen Rindenapparat überhaupt 
erreicht.” Similar Statements occur frequently in current discussions of 
automatic movements, j 

The view seems to rest almost solely upon the conception that cerebral 
processes are conscious processes and that any activity that ceases to be 
conscious must necessarily lose its cortical representation, We might dis- 
regard such discussions as futile but for the fact that they have led to the 
general acceptance of the theory that conditioned-reflex arcs, originally 
traversing the cortex, may be short-circuited in the brain stem. The truth 

1 EDITORS’ NOTE: From J. comp. Psychol., 
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or falsity of such an hypothesis is important for an understanding of the 
physiology of learning, since it involves the concept that the cortex offers 
greater case of reintegration of reflex arcs than do subcortical centers, 
which are, nevertheless, capable of that reintegration. This, in turn, 
implies that the cortex is in some way specialized for learning. . . . 

The theory of reduction of habits to subcortical levels is, however, 
based upon very slight evidence and until recently had no sort of factual 
support. The results of experimental decerebration by Flourens, Schraeder, 


ggestions of retention of automatized habits 


Goltz, and others gave no sug 
and no more crucial experiments were available, In 1902 Franz (2) de- 


scribed the persistence in cats of habits of long standing (coming at call) 
after operative destruction of the frontal lobes which abolished recently 
formed habits (latch box). In later work (3) he found habits retained 
in some monkeys and lost in others after frontal lesions and interpreted 
this as due to the somewhat longer training that the former had received. 
Since the publication of these results Dr. Franz and I (7) have found 
that habits may be retained after partial destruction of the frontal lobes 
in the rat, when total destruction abolishes them, and I have shown that 
visual and, hence, probably, auditory habits are not mediated by the 
frontal lobes (6). These data offer an alternative explanation for Franz’s 
earlier results and suggest that they may have been due either to failure 
to make complete destruction of the frontal lobes or to differences in the 
Sensory components of the habits which were lost from those which were 


retained. 


In 1916, Dr. Franz and I took up this problem with the rat in an 


attempt to determine whether long practice in the maze and latch box 
would result in loss of cerebral representation. The results of those experi- 
ments were not conclusive. The simple maze habit showed no cerebral 
localization at any stage of learning. The latch-box habit was abolished by 
total frontal destruction at all stages of training up to three times the 
amount of practice required for learning, although it survived partial 
destruction of the frontal pole (7). 
Existing evidence on the reductio 
seems inconclusive. The clean-cut 
crimination in the occipital pole o 


reported in the first study of this series, i ; 
a final test of the matter. The retention or loss of the habit is easily recog- 


nized, The habit involves only a small and well defined area on the 
Occipital pole, and with practice ses; $008 brought S Fr ini af Der 
formance that indicates automatization. Operation in the oceipital region 
Produces little shock or interference with habits other than visual. Experi- 
ments with vision have thus a decided advantage over those with the 
kinesthetic-motor habit involved in the frontal pole, for operation in the 


n of habits to subcortical levels thus 
localization of habits of visual dis- 
f the cerebrum of the rat, which I 
offers an excellent opportunity for 
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latter region frequently produces a general deterioration which obscures 
the specific effects of the injury. 

Tests previously reported have shown that destruction of the occipital 
pole abolished the habit of discrimination between light and dark alleys 
in the Yerkes discrimination box when twenty successive errorless trials 
were obtained. In the present experiments I have tested the effects of 
the same operation after training had been continued until not less than 
five hundred successive errorless trials were obtained. 


The Visual Area in the Rat 


In the previous experiment (6) the entire cerebral cortex was explored 
by a series of partial destructions in animals which had formed the habit 
of visual reaction in the problem box. Two additional cases have been 
obtained with injuries in the temporal and orbital regions, which were 


S P 


Fig. 7.1. The combined extent of the lesions in a series of 
animals which showed retention of the habit of visual dis- 
crimination after operation. The lesion in each animal included 
about one-fourth of the total blackened area shown here, 


imperfectly covered by the first experiments. Figure 7.1 represents the 
total extent of the combined lesions in seven animals that retained the 
habit after operation. The frontal, parietal, orbital, and superior temporal 
regions are not necessary for the performance of the habit. Figure 7.2 
shows the combined lesions of three animals which lost the habit after 
operation. The area common to the three has been blackened. It seems 


to represent the only part of the cortex that takes part in the performance 
of the visual habit, 


Methods 


Training. The animals used in the Present experiments were trained in a 
discrimination box offering a choice of two alleys illuminated and darkened in 
irregular alternation. Food was given after passage through the illuminated 
alley and punishment in the darkened alley. The first three hundred trials were 
given at the rate of ten per day; thereafter, fifty trials were given daily, En- 
trance into the dark alley was recorded as an error, but not more than one 
error per trial was counted. Thus in the records following, errors mean trials 
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in which an error occurred. Training was continued for about fourteen 
hundred trials. 

Operations. The technique of operation was essentially that described in 
earlier papers, except that the destructions were made with a thermoelectric 
cautery inserted cold and heated until the tissues began to boil. This method 
reduces hemorrhages yet produces a thorough destruction. 

Retention tests. The animals were first tested twenty-four hours after opera- 
tion. Ten trials were given, if possible, and the errors made were recorded, 
together with notes on the general condition of the animal, its orientation in 
the problem box, reactions to food, ete. No punishment was given in the first 
thirty trials of the retention tests, but after these the same methods were used 
as in the original training and retraining was continued with ten trials per day 
until discrimination was again established. 

When a habit is lost following cerebral injury two interpretations are possible. 
The operation may have resulted in shock which abolished the habit by produc- 


Fig. 7.2. The combined extent of the lesions in three animals 
that lost the habit of visual discrimination after operation. The 
stippled area represents the total extent of the destructions; 


the black area, that destroyed in all the animals. 


ing a general deterioration, In such a case the experiment gives no significant 
data upon localization of function. Or, the loss may be due to the destruction of 
the particular conditioned-reflex paths involved in the habit. Practically, it is 
not easy to distinguish between these two possibilities but observations of the 
general behavior of the animals usually reveal deterioration when it is present. 

Some animals after operation do not orient readily in the problem box, enter 
the dark alley many times in a single trial, have difficulty in finding food, climb 
Out of the box repeatedly, and show other signs of confusion or motor disorgani- 
zation. Such animals usually clear up in from three to five days and show a sud- 
den drop from 50 to zero per cent error in their reactions. Their temporary loss 
of the habit is clearly due to operative shock. 

Other animals show loss of the specific habit without any evidence of general 
deterioration, They are normally active, oriented in the problem box, correct 
their errors without perseveration, find the food readily and retain many kines- 
thetic-motor habits with reference to the problem box. Their relearning is 
gradual and requires as long as the original learning. The loss in these cases is 


2 The fact that th -called motor cortex does not participate in the habit has been 
emphasized in the first TEN of the series. Further data on the point will be published later. 
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evidently not due to shock but to some specific effect of the operation upon the 
visual habit. In general, the occipital cases give little indication of operative 
shock.” As a further control of operative shock the orbital and temporal regions 
of one of the animals of the present series were destroyed while the visual area 
was left intact. The lesions in this animal are more extensive than those of the 
occipital cases, and approach more closely the nuclei of the optic thalamus. Its 
retention records are comparable with those of the occipital cases. 

Reconstruction of lesions. Serial frontal sections of the brain were prepared, 
stained in iron hematoxylin, and mounted in balsam. Sections at intervals of 
0.25 mm. were outlined under the camera lucida at a magnification of ten di- 
ameters. The extent of the lesions in each section wa 


as determined under higher 
power and indicated on the outline. The level of the section was next deter- 


mined and the dimensions of the lesions were transferred to the di 
the brain by means of proportional divide: 
connected by lines and the resultant 


agrams of 
rs. The points so determined were 
areas inked in. Only obvious lesions, 


Fig. 7.3. The extent of the lesions in number 13. The parietal 
and orbital surfaces were destroyed. 


absorption of tissue or complete degeneration of the co: 
the diagrams represent the minimal extent of the 


probably accurate to within 0.5 mm. wi 
brain. 


rtex, were recorded, so 
lesions. The diagrams are 
hen reduced to the dimensions of the 


Experimental Data 


Four animals were used in these e: 


formed a control in which the orbital s 
destroyed. The others wer 
the individual cases follow, 


xperiments. One (number 13) 4 
urfaces of both hemispheres were 
e subjected to occipital injury. The records of 


Number 13. Orbital Control. Small female, about one hundred days old 


at 
the beginning of the experiment. Trained in visual discrimination, 

Number of trials required for learning: 100, 

Number of errors in successive ten trials during learning: 4:5:5:3:1:3:1:0: 
0:1:0:0:0. 


ords of about thirty animals which have been 


later in detail, 


n twelve animals. For 


convenience of reference the animals of the present series are numbered in sequence with 


those 
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Training was continued for 1,400 trials after learning. 

Number of errors in successive hundreds of trials in overtraining 3:0:2:0:0: 
0:0:0:0:0:0:0:1:0:0. 

The orbital surfaces of both hemispheres were cauterized. On the first two 
days following operation the animal showed disturbances of motor coordination, 
difficulty in locating the food even when placed in contact with the dish, and 
lack of orientation in the experimental box. She made numerous errors on 
these days. On the third day the motor difficulties had cleared up, but errors 
were still made and there was no indication of retention, On the fourth, fifth, 
and later days discrimination was perfect. 

Postoperative retention tests; errors in successive ten trials: 5:2:6:0:0:0:0. 

Extent of lesions. Figure 7.3. Right hemisphere: The lesion extends from 
the level of the knee of the corpus callosum to the level of the anterior margin 
of the superior colliculus, including all of the orbital and ectorhinal areas. Left 
hemisphere: The lesion extends from the level of the knee of the corpus callo- 
sum to the level of the anterior margin but not extending so far onto the ec- 
torhinal and parietal surfaces as that of the right. The subcortical nuclei of 


both sides were uninjured. 


This animal, after destruction of the orbital surfaces of the hemi- 
spheres, gave evidence of operative shock, but recovered in three days and 


then showed perfect retention of the visual habit.® 


Number 14, Small Female. About one hundred days old at the beginning 
of the experiment. Trained in visual discrimination. 

Number of trials required for learning: 80. ; 

Number of errors in successive ten trials during learning: 6:3:5:4:4:2:2:1: 
0:0:0. 

Training was continued for 1, 

Number of errors in successive h 
0:0:0:0:0:0, 

The occipital and p 
for five days following the oper: 


200 trials after learning. 
undreds of trials overtraining: 3:1:1:0:0:1: 


arietal lobes were cauterized. The animal was stuporous 
ation and could not be tested. On the sixth day 
she was active, and when placed in the problem box reacted promptly and 
Seemed well oriented. She never entered the dark alley more than once in a 
single trial, and, in general, showed retention of the kinesthetic-motor habits. 
She made many errors, however, and gave no indication of discrimination. 
Retraining was continued until discrimination appeared. During retraining the 
animal occasionally gave indication of discrimination, looking back and forth 
from one alley to another and choosing correctly, but such reactions were rare, 
and give only questionable evidence of retention. Her Be was Suggestive 
OF some of the cases of partial destruction of the fronta pole studied earlier, 
which showed interference with, but not complete loss of the inclined-plane box 

abit. Such fluctuations in retention after cerebral Injury aR: man have been 
emphasized by Head (4). The lesion in this animal probably did not involve 


all of the visual area. 


ji i is article are Lashley’s. 
5 eprrons’ Nore: Italics here and elsewhere in this art y 
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Postoperative retention tests; errors in successive ten trails: 6:6:5:3:1:4:5:4: 
3:2:1:0:0:0. 

Extent of lesions. Figure 7.4. Right hemisphere: The lesion begins at the 
level of the anterior margin of the thalamus and extends caudad to the level of 
the inferior colliculus, including part of the parietal, occipital, and superior 
temporal regions. It seems to leave the median and extreme caudal portions of 
the occipital pole intact. Left hemisphere: The lesion begins at the same level 
as that on the right, and covers approximately the same areas, but does not 
extend so far over the temporal area and leaves a little more of the occipital 
pole uninjured. The subcortical nuclei are uninjured. 


After injury to the visual area, this animal gave an occasional sugges- 
tion of retention but required more practice for reestablishment of perfect 


discrimination than was consumed in the original training. The operation 
probably did not destroy all of the visual area. 


Fig. 7.4. The extent of the lesions in number 14. The occipital 
pole of both hemispheres is uninjured. 


Number 15, Small Female, About one hundred days old at the beginning of 
© experiment. Trained in visual discrimination. 

Number of trials required for learning: 150. 

Number of errors in successive ten trials during learning: 7:4:5:5:4:4:7:7: 
5:4:1:4:3:3:2:0:0:0, 


Training was continued for 1,200 trials after learning. 
o in successive hundreds of trials of overtraining: 1:0:1:0:0: 


th 


The occipital regions were destroyed by cautery. Retention was first tested 
twenty-four hours after operation. The animal was active and the box habits 


were perfectly retained, She corrected her errors i 
} romptly, ran directly to the 
food, scratched at the door of the s minent | i 


tarting compartm but gave no indica- 
tion of retention of the vi g comp ent, but g 


this difference. 


Postoperative retention tests; errors in Successive ten trials: 7:6:3:6:5:5:2:8: 
1:0:0. 
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Extent of lesions. Figure 7.5. Right hemisphere: The lesion begins at the 
level of the anterior margin of the superior colliculus and extends caudad to the 
occipital pole, including all the cortex of the dorsal surface. Left hemisphere: 
The lesion begins at the same level as that on the right, but does not extend to 
the pole, an area equal to the thickness of the cortex remaining uninjured in 
the caudal region. The subcortical nuclei are uninjured. 


After destruction of the visual cortex this animal showed no evidence 
of shock, but failed to retain her visual habit. The habit was regained with 
less practice than was required for the original learning, owing, probably, 
to the retention of kinesthetic-motor habits and reduction of timidity. 


Number 16, Small Female. About one hundred days old at beginning of 
experiment. Trained in visual discrimination. 

Number of trials required for learning: 100. 

Number of errors in successive ten trials during learning: 6:7:7:2:3:1:1:1: 


0:1:0:0:0, 


Fig 7.5. The extent of the lesions in number 15. 


Training was continued for 1,200 trials after learning. 

Number of errors in successive hundreds of trials of retraining: 4:0:0:0:0:1: 

The oceipital cortex was destroyed by cautery. Retention was first tested 
twenty-four hours after operation. The animal was very active and seemed 
quite normal in all of her reactions. She corrected errors promptly and never 
hesitated on the way to the feeding compartment. She gave no evidence of 
retention of the visual habit on this or the following days. 

Postoperative retention tests; errors in successive ten trials: 7:4:3:4:5:5:3: 
3:4:1:1:0:0, 

Extent of lesions. Figure 7.6. Right hemisphere: The lesion extends from the 
level of the anterior margin of the nucleus habenulae to the posterior limit of 
the external capsule, All the cortex of the dorsal surface within these limits is 

estroyed. The cortex of the inferior temporal area and of the extreme occipital 
Pole is intact, Left hemisphere: The lesion begins at the level of the pillars of 
the fornix and includes approximately the same area as that on the right. The 
orsal lobes of the hippocampus are destroyed on both sides. The subcortical 


nuclei are uninjured. 
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After destruction of the visual area, this animal showed normal activity, 
retention of kinesthetic-motor habits, and complete loss of the visual habit. 
Relearning required a little more practice than learning. 


Table 7.1. Errors Made in Retention Tests by Animals after Operation® 


Trials for Trials for Errors in successive ten trials 

Number learning relearning of retention tests 

13 100 30 526000 

14 80 110 66531454321000 
15 110 90 76365523100 

16 100 110 7434553341100 
10 60 100 655330102200 
n 60 74 3(064)649203400 


Ni as Bus era in ten trials is the chance expectation and indicates lack of discrimination. 
bees 10, temporal lesions; numbers 14, 15, and 16, occipital lesions after long training, 
numbers 10 and 11, occipital lesions after brief training. 


Fig. 7.6. The extent of the lesions in number 16. 


The results of these tests are summarized in Table 7.1. The control ani- 
mal (number 13), with extensive lesions in the orbital regions, showed 
confusion in three days, then quick recovery with immediate reappear- 
ance of the habit, Number 14, after occipital injury, was stuporous for five 
days, then regained normal activity and kinesthetic-motor habits, but did 
not make a perfect record until after retraining for 110 trials. Numbers 
15 and 16, after occipital lesions, gave no indication of shock from the 
Operation, retained kinesthetic-motor habits, but lost the visual habit. 

These had all received 1,200 or more trials of overtraining. The rec- 
ords of numbers 10 and 11 from the earlier experiments are included in 
Table 7.1. The occipital lobes of these animals were destroyed after less 
than one hundred trials in the discrimination box. Both show loss of the 
habit, with relearning as rapid as that of the overtrained animals. The 
overtraining, therefore, does not increase the power of the habit to sur- 
vive injury or to be reacquired after the operation. 
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Early in the retention tests all of the overtrained animals gave evidence 
of normal activity and retention of the kinesthetic-motor habits of the 
discrimination box. The loss of the habit in them, therefore, can not be 
ascribed to general shock resulting from the operation. The direct effect 
of the operation upon lower visual centers is also ruled out by the facts, 
first, that these centers showed no microscopically detectable lesions and, 
second, by the results with number 13, in which the cautery passed close 
to the pulvinar and external geniculate body on both sides, without 
abolishing the habit. From this it seems clear that the loss of the habit is 
not due to shock or to injury to the optic thalamus but is a specific effect 
of the destruction of the visual cortex. 

These considerations lead to the conclusion that overtraining up to 
twelve hundred trials does not alter the cerebral localization of the habit 
of visual discrimination. The functional activity of the visual cortex is 
still necessary to the performance of the habit and there is no indication 
that subcortical nuclei have taken over any part of the reaction, even 
sufficient to facilitate relearning. The cerebral area functional in learning 


Seems to retain the same function after prolonged training. 


The Question of Automatization 

Thus far in the discussion I have taken it for granted that 1,300 trials 
of practice would produce automatization. That assumption, however, is 
Open to question. The test for automatization in man is the ability to carry 
on the habitual act while the verbal or other complex mechanisms are 
making other nonhabitual adjustments. In the rat such a test is not 
readily practicable and it is necessary to fall back upon indirect methods 
of judging the degree of mechanization of the habit. i 

No data upon the amount of practice necessary to automatize a simple 
Visuo-motor habit in man are available, but certainly less than 1,000 
trials are sometimes effective. Some of my own automatic reactions, such 
as changing to a laboratory coat, have been established in less than 500 
trials. The habits of shifting the stimulus lights and doors of the discrimi- 
nation box are automatized by the experimenter long before the animals 
Cease to make errors in discrimination. 

It can not be argued then, that 1,300 trials are inadequate to produce 
mechanization under some conditions. Whether they did so in these 
experiments can be judged only from general observations on the be- 
havior of the animals, In the early stages of training the rat frequently 
hesitates at the entrance to the alleys, sways back and forth as though 
looking at first one, then the other stimulus plate, and finally advances 
slowly into one alley. Later, these comparing movements disappear, but 
for several hundred trials they occasionally recur. At this stage of learning, 
if the animal is disturbed by a noise or jar as it enters the alley, it stops, 
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makes comparing movements or smells at the stimulus plate, and explores 
the alleys before passing to the food compartment. By the end of the 
thousandth trial all such reactions had disappeared in these animals. The 
door of the starting compartment is of glass so that the stimulus plates are 
visible through it. Seemingly the animals, after a thousand trials, were 
oriented toward the light before the door was opened and dashed through 
to the food the moment the door was raised. If they were distracted on 
the way, they did not stop and make comparing movements, but whirled 
about and returned to the starting compartment, then rushed back through 
the illuminated alley. This last bit of behavior is highly suggestive of the 
human tendency to start an automatized reaction all over again when it is 
interrupted, and forms the strongest evidence available that the habit was 
really mechanized. Finally, the regularity and accuracy with which the 
habit appeared and the fact that none of the animals made more than 
three errors in the last thousand trials indicate that the reaction was 
reduced to a condition where it required no very complex adjustments. 
From these facts it seems almost certain that, after 1,000 trials, the 


visual habit had reached a stage comparable to that of complete autom- 
atization in man. 


The Neurological Basis of Automatization 


The evidence from pathological cases in man is inconclusive. Occa- 
sionally a long-practiced habit, such as the patient’s ability to recall his 
name, persists in an otherwise complete aphasia. But a strong case could 
be made for the view that these habits persist, not by virtue of long prac- 
tice, but because they have a deep emotional significance and hence 
receive a tonic reinforcement that is lacking to other activities. Certainly, 
hymn singing and profanity are among the most common accomplishments 
of aphasics. On the other hand, many activities that are certainly 
automatized in the great majority of individuals fail to survive in apraxia 
or aphasia from cerebral lesions and so are clearly not mediated by sub- 


cortical nuclei, The pathological evidence certainly cannot be advanced 
as proof of the reduction of habits 
Many, atized habits in man, have a 


basis. The present experiments 
s are not reduced to subcortical 
e of habits having a kinesthetic 
ter indicated that the latch box 


overtraining. Simpler habits, such as th 
de sac, were undisturbed by frontal lesi 
of training. I have since tested retentio: 
after extensive lesions involving, 
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the cerebrum except the ectorhinal area. Irrespective of the position of the 
lesions these animals have showed fairly perfect retention of the kines- 
thetic-motor habits of the discrimination box. The simple tactual- and 
kinesthetic-motor habits have no cerebral localization at any stage of 
training. Whether they are mediated by diffuse arcs passing through all 
parts of the cortex or are formed at subcortical levels is uncertain. I have 
obtained formation of such habits in nearly decerebrate animals, in which 
only the inferior temporal and ectorhinal areas were intact, but this is not 
sufficient to settle the question. 

Whatever the explanation of these facts, they suggest that for kines- 
thetic-motor as well as for visual habits, the cortical or subcortical repre- 
Sentation is determined at the time of learning and is not modified by 
subsequent practice. 

If long-practiced habits are not reduced to subcortical levels, what is 
the neurological basis of automatization? The musician may not speak 
when first learning a difficult movement but later his verbal reactions are 
dissociated from the manual coordinations so that the two processes may 
go on simultaneously. It is this capacity to function without exciting 
reaction systems other than those directly concerned with its performance 
that characterizes the automatic habit. Such a condition might be brought 
about by blocking cerebral associative connections, and this seems to be 
the only alternative to reduction to subcortical levels. An analogous situa- 
tion is presented by the differentiation of the conditioned reflex to a 
Specific stimulus (1). Whether the confining of impulses to a single path 
is the result merely of repetition or of some active inhibitory or blocking 
Process can not be decided from existing evidence. Some professional 
Musicians who have never practiced talking while playing do not show the 
dissociation of the functions, and I have seen the dissociation increased 

Y Practice. This would indicate that some active conflict between the 
reactions is essential to their dissociation, and suggests that, perhaps, the 
Mechanisms of automatization and of dissociation through conflict and 
repression in the Freudian sense may have much in common, 


Summary 

A Animals were trained in a habit of visual discrimination and were then 
Siven additional practice for 1,200 trials. Destruction of the visual area 
after this training resulted in loss of the habit. Retention of other habits 
Showed that the loss was due to destruction of visual conditioned-reflex 
arcs and not to operative shock. Long training did not reduce the habit 


to subcortical levels. 
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ü. STUDIES OF CEREBRAL FUNCTION 
IN LEARNING. V. The Retention of 
Motor Habits after Destruction of the 


So-called Motor Areas in Primates * 


Since the area was first described by Fritsch and Hitzig (14), the func- 
tion of the electrostimulable cortex of the cerebrum has been the subject 
of almost continuous controversy. The experiments were immediately 
called in question through criticisms of the technic by Dupuy (9), Sander- 
son (49), Carville and Duret (6), and others or by abstruse metaphysical 
deductions such as were advanced by Hermann (19) who objected to 
the motor area as violating the “unity of mind.” The work of Ferrier (11), 
Carville and Duret and Hitzig soon established the fact of the electrical 
excitability of limited areas of the cortex, but immediately a new question 
arose, Fritsch and Hitzig had considered the excitable zone as motor, if 
we may translate the expression, “entry of single psychic functions into 
material” by such a term. In this they were followed by Carville and 


Duret, who described the motor disturbances following lesions in the 
ricité volontaire corticale.” Ferrier also con- 


area as “paralysie de la mot 
f the early work had been done with 


sidered the area as motor. But most o! 
dogs, and the sensory disturbances which appear in this animal after abla- 
tion of the stimulable area were emphasized by Schiff (52), Nothnagel 
(43), Munk (41) and Hitzig (20), who interpreted the disorders of 
movement variously as due to the loss of muscular and cutaneous sensi- 
tivity or to the loss of kinesthetic images of the movements to be 
Performed. 
Following the suggestion of Tamburini, Luciani and Seppili (32) ad- 
vanced the view that the motor areas contained somesthetic projection 
bers as well as motor elements, and developed a theory of the sensory- 
motor function of the sigmoid gyrus and rolandic areas. In this they were 
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followed by Horsley (22), Mott (38), Dana (8), Rothmann (48) and 
many others. 

De Barenne (1), in particular, has demonstrated the existence of 
marked sensory disturbances in the cat after application of strychnine to 
an area which widely overlaps the stimulable area, and the general cor- 
rectness of Luciani’s view for the stimulable areas of lower mammals does 
not seem open to question, although there may be some doubt as to 
whether the motor functions of the cortex in these forms are comparable 
with those of primates. 

Recent more critical work with primates, however, shows that in them 
a further specialization has occurred with the development of the fis- 
sure of Rolando as a line of demarcation between centripetal and centrif- 
ugal projection areas.? The work of Schäfer (51), Mills (35), Griinbaum 
and Sherrington (17), C. and O. Vogt (58), Lewandowsky and Simmons 
(29), Hoppe (21), Cushing (7), Franz (13), and Leyton and Sherring- 
ton (30), all points to the conclusion that primary excitability is limited 
to the precentral gyrus and that sensory disturbances rarely result from 
lesions confined to this area. 

These studies have defined the centrifugal function of the cells of the 
precentral gyrus and have confirmed the view that the area is motor rather 
than somesthetic, but in spite of the fairly general recent agreement as 
to the location of “motor” area, there is a wide diversity of opinion con- 
cerning the significance of the “motor” function. The area is somehow 
concerned with the production of movement, but how it acts and what 
kinds of movement it controls are still debated points. Ferrier (11) em- 
phasized the “automatic” character of movements after destruction of 
the motor areas and held that “all reactions not so (automatically) or- 
ganized, and still dependent upon conscious discrimination and exercise 
of attentive volition are effectually and permanently annihilated.” Munk 

(40) classified movements according to their somatic distribution and 
maintained that small unilateral adaptive movements (Einzelbewegungen) 
are permanently lost after destruction of the motor areas, His definition 
of these movements is by no means clear, but his accounts seem to imply 
that the movements had been learned, and he denies that a dog can learn 
to give his paw after destruction of both motor areas. Wagner (59) 
maintained that the chief function of the motor areas is in learning, and 
that animals deprived of them are incapable of forming any new habits. 
Bechterew (2) also refers to experiments leading to the same conclusion. 


2 The lack of any persistent paralysis in rodents, carnivo; = 
tion of the stimulable areas and the occurrence of partial lee Gees aes 
of the corpus striatum in lower forms suggest that the differentiation of function Er re- 
central and postcentral gyri in primates may be due rather to the acquisition of naive 
striate functions by the cerebral cortex than to a division of cortical functions which overlap 
in lower forms. 
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He states that after removal of the motor centers associative motor reflexes 
are lost. “With unilateral destruction of the motor region in dogs the asso- 
ciative motor reflex may be elicited in the homolateral fore-leg, but in the 
contralateral fore-leg the reflexes learned earlier are forever lost and can 
not be reestablished even after a number of conditioning associations” (2, 
pp. 1551 ff.). Gierlich (16) also supports this view of the exclusive motor 
function of the stimulable areas. 


In opposition to these results, several writers have reported the acquisi- 


tion of habits after the destruction of the motor areas or of the pyramidal 
tracts, Starlinger (55) trained a dog to give his paw after total destruction 
of both pyramidal tracts. Rothmann (47) observed learning in a thesus 
monkey in which one precentral gyrus had been extirpated and the 
Pyramidal tract of the other had been sectioned in the cervical region. 
Franz and Lashley (14) and Lashley (25) found learning ability in the 
rat unaltered by total destruction of the stimulable cortex. This result has 
been confirmed by Jellinek and Koppänyi (24). 

In the contradiction of evidence here, we must favor the positive 
results. Failure to learn may be due to any one of a number of factors in 


addition to specific destruction of tissue, and a single positive case with 
ficient to discredit any number 


Certain destruction of the motor area is su 

Of negative findings such as are cited by Bechterew and Munk. It seems 

quite certain that the formation of conditioned motor reflexes is possible 

in the absence of the electrostimulable cortex, but this fact fails to reveal 
f complex activities. 
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stimulable area is the reflex regulation of postural and kinetic mechanisms. 
Similar results have since been obtained for the stimulable cortex with 
problem-box and maze habits. 

Thus we find in the literature claims that the electrostimulable cortex 
is motor, that it is sensory, that it is sensory-motor, that its motor func- 
tion is exercised through the storing of images of movement, that it is the 
final common path for all voluntary movements, and that it is a reflex 
center not primarily concerned with voluntary activity. 

Much of the literature on the function of the electrostimulable cortex, 
as on cerebral localization in general, presents an inextricable tangle of 
physiologic fact and psychologic speculation. The long controversy be- 
tween Goltz, Munk, and Hitzig was largely due to their inability to grasp 
each other's psychologic theories, and recent progress in psychology tends 
to invalidate much of the cerebral localization which was based on older 
conceptions of mental faculties, 

Images have fallen into disrepute, and even the psychologists who still 
deal with them deny that kinesthetic imagery has any demonstrable rela- 
tion to the initiation of movement (56), The conception of volitional 
activity is too vague to have any scientific value. At best it represents an 
indefinite distinction between more or less complexly conditioned activi- 
ties, and the conception of conditioned reflexes leaves the distinction 
without significance. The “will” has been largely discarded in psychology, 
although it is still in good standing in neurologic discussions. Such a state- 
ment as that the stimulable cortex is not motor, but “psychomotor,” means 
no more than that the pyramidal cells excite patterns of spinal motor cells 
rather than individual cells. It contributes nothing to our understanding 
of cerebral function, In the present state of psychologic science, we can 
not do better than follow the dictum of Bubnoff and Heidenhain (5), “Es 
will uns überhaupt scheinen als miiste die Untersuchung der physio- 

esse in dem Gehirn von den jene Vorgänge begleitenden 
Bewusstseinsvorgängen möglichst absehen, wenn es sich um eine 
Deutung physischen Geschehens handelt,” and rigidly exclude from 


neurologic discussion every subjective concept which cannot be translated 
into objective terms. 


any “mental function” in 
at can be concluded from the existing 


i tion pathways concerned in particular kinds 
of behavior lead from receptor to effector through certain cerebral 


areas. Cerebral motor localization is a problem of the origin and function 
of the centrifugal neural impulses of the cortex. Their “volitional” or 
“automatic” character can be defined only in terms of their complexity of 
organization and their relative importance in the total motor integration 
of kinetic melody, and until so defined the terms are meaningless. The 
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“reflex” conception of cerebral function, although still a theory and 
notably inadequate to account for all the phenomena of cerebral func- 
tion because of oversimplification in its formulations,* is too well sup- 
ported by evidence on nerve conduction and analogy with spinal functions 
to be disregarded in favor of any speculations concerning the localiza- 
tion of “psychic” functions. 


Statement of Problem 


Stated objectively, three mutually incompatible theories concerning the 
function of the precentral gyrus are to be found in the current literature. 
They are: (a) This area is the only centrifugal outlet from the cerebral 
cortex for complexly integrated movements or for movements acquired 
as a result of training (voluntary movements or conditioned reflexes). (b) 
In the intact animal, the Betz cells are the principal centrifugal paths, but 
some neural impulses of like function may descend by extrapyramidal 
tracts, and these tracts may assume vicariously all the functions of the 
motor area. (c) The motor area is a part of the mechanism functioning 
in the regulation of tonus and posture and is not directly concerned in 
conditioned reflex activity. ; ; 

The first of these views is definitely ruled out by the evidence cited 
above for habit formation after destruction of the areas. The evidence 
for the second and third views, as applied to primates, is inconclusive, 
although a considerable mass of evidence derived from the cerebral 
Paralyses seems to support the second. The validity of this evidence will 

© considered after the experimental data are presented. 

A simple test of the hypotheses is possible. If after total destruction of 
the Precentral areas an animal shows undiminished ability to carry out 
activities of all degrees of complexity, acquired before the operative de- 
Struction, this will be conclusive evidence that the lesion did not destroy 
any part of the conditioned reflex arcs involved in the activities, and, as 
a Corollary, that these arcs do not traverse the motor areas. Loss of the 
Conditioned reflexes following the lesion with their later reestablishment 
through training will support the second view, that the pyramidal cells 
of the precentral region are the principal efferent paths involved in 


habitual movements. En . 
Such a test was made with the rat and gave unmistakable evidence 


Against the participation of the motor areas in the activities of the simple 
maze and visual discrimination box (14, 26). Since the publication of 
that report, the results have been confirmed for a complex maze and the 
“a Cuble-platform box.” As the rat shows no paralysis after lesions to the 


S The data di i £ unpracticed organs to the solution of problem boxes 
Pigsented later in this in “em wholly inexplicable in terms of simple conditioned 
flexes. a 
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and destroyed by cautery. Cauterization extended beyond the stimulable area 
except in the median line. The wound was covered with mica and elosed. 

On the following day, there was a partial paralysis of both sides with great 
spasticity. Coordinated walking movements were possible, but there was great 
weakness of the legs. The arms were extended toward food. He could not 
grasp with his left hand. Partial grasping with the right hand appeared, B 
there was inability to raise food to the mouth. He recognized a banana and 
made efforts to grasp it. The arms were usually hyperextended. 

Four days later, he moved clumsily, his arms and legs spread out Er 
quently, letting him fall prone. He grasped with his right hand, but was unable 
to hold food or lift it to his mouth. He ate by thrusting his mouth against the 
bread. He was well oriented in the room. 
Two weeks before operation he had learned 
to slip out of the crack as the door was 
opened and to run into an adjoining room. 
He did this twice on the fourth day. He had 
a tendency to stay near a cage containing 
other monkeys and to hide under it when 
pursued. There was marked tremor after 
slight effort. 

Ten days after operation, he stood and 
walked without falling, fumbled in grasping, 
but was able to hold food in his right hand 
or to lift it to his mouth. . 

Thirty-five days after operation, he climbed 
and ran accurately, picked up small pieces 
of banana with the right hand without no- 
ticeable clumsiness, and made quick move- 

ments in efforts to catch flies. Retention of 
animal number 1, Reconstructed the problem-box habits was tested at this 
from camera sketch and serial time. 
— The average time per trial in each day’s 
Practice (five trials daily) is given in Table 
This is followed by the average time per trial 
preliminary retention tests, and similarly for the postopera- 


Fig. 8.1. Extent of lesions in 


8.1 for each of the problem-boxes, 
on each day of the 
tive retention tests. 

Tests for visual discrimination we: 
At all times following the Operatio 
room and, with the exception of tl 
any deterioration. 

Extent of Lesions. The areas 
Fig. 8.1 and in sections in Fig. 8.2. 

Left hemisphere: Mediad, the lesion began about 1 mm. behind the end of 
the fissure of Rolando and extended forward to the level of the knee of the 
corpus callosum. The cortex of the precentral gyrus was destroyed to within 
2 mm. of the edge of the longitudinal fissure, but that of the median surface 
was uninjured. Caudad, the lesion extended slightly onto the postcentral gyrus 


re made. There was no error in 100 trials. 
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but did not involve all of the cortex within the fissure of Rolando. Laterad, it 
extended to the upper border of the operculum. The parts of the stimulable 
area left intact were the paracentral gyrus, the cortex within the fissure of 
Rolando and the lateral part of the face area included on the operculum. 


Fig. 8.2. (a) Outline of dorsal as 
outlined indicate the extent of 
lines show the level of the sections desi nated by the cor i 

bers. (1) to (5) Camera sketches of en showing stage. tk a, 
Blood clots and scar tissue are indicated in solid black. Obvio: i ae 
generated cortex is marked with coarse stippling. R fissure of R, 
5, fissure of Sylvius; P, parieto-occipital fissure, , 
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Right hemisphere: The lesion was similar to that on the left but slightly 
more extensive, The cortex within the rolandic fissure was destroyed, and the 
lesion extended farther over the operculum. 


After destruction of almost all of the arm areas of both sides and of 
most of the areas of the legs and face, this animal, on recovery from 
paralysis, showed perfect retention of visual and motor habits acquired 
before injury. Except for the paralysis and later spasticity, no significant 
change in his behavior could be noted. 


Number 2. This was a small male cebus too wild for training at the beginning 
of the experiments. The motor area of the right hemisphere was exposed, the 
arm, face, and leg areas identified and cauterized to a depth of 5 mm., caudad 
to central fissure, laterad and cephalad to a line 5 mm. beyond the limits of 
the excitable area. 

Following operation, the left leg ai 
extended and gave some support to 
no stepping movements. No movemen! 


plete paralysis of the left hand persisted for two weeks. 
Four weeks after operation, the left leg was used almost normally. The left 


arm could be used to support the animal’s weight, but tended to become rigid 
in hyperextension, and the left hand could not be used for grasping. 

Eleven weeks after operation, the paralysis had almost disappeared; the left 
hand was somewhat clumsy but could be used in grasping food. It was not 
used when the right hand was unrestrained. 

Training on the problem-boxes was begun at this stage of recovery. During 
the next three months, the problems were learned and retention tests given. 

Seven months after the first operation, the left motor area was exposed and 
Similarly explored and destroyed. Paralysis of the right arm and leg followed. 
It appeared to be as complete as that of the left side following the first lesion. 
It improved more rapidly, however. Six weeks after operation the right hand 
was used to pick up food, and, although still somewhat spastic, was judged 
capable of manipulating the latch boxes. Retention tests were therefore begun. 
The average time per trial for successive groups of five trials in training, pre- 
liminary retention tests, and postoperative retention tests is given in Table 
8.2. Visual discrimination was unaffected by the operation. 


The short time required for opening the boxes in the postoperative 
retention tests gives clear evidence for some retention of the habits. Much 
Of the delay apparent was due to the weakness and clumsiness of the 
tight hand. With each problem-box the attack in the postoperative reten- 
tion tests was directly on the Jatches. The methods employed were at first 
those used before operation, and the movements were definitely adapted 
to solving the problems, although lacking force and accuracy; for example, 
efforts were all directed to turning the crank counter-clockwise. 

The weakness of the right arm led to a surprising readjustment on the 
Part of this animal. The operation on the right hemisphere made the left 


nd arm were not used. The leg was hyper- 
the body in standing or sitting, but made 
ts of the hand could be elicited. This com- 
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arm weak and spastic during training. In all of the trials of training and 
preliminary retention tests the left arm was used only as a prop, and the 
left hand was not once used in manipulating the latches of any of the 
boxes, After the second operation, the right hand was much more affected 
than the left, which had largely recovered and an almost immediate shift 
to the left hand in opening all of the boxes occurred. 


Pull Box. Postoperative retention test. 

Trial 1: Fumbled in hole with right hand, removed hand, peered into hole; 
again inserted right hand and again pulled lever: twenty-seven seconds. 

Trial 2: Right hand, fairly accurately: seven seconds. 

Trial 3: He fumbled with right, then inserted left, grasped lever and pulled: 
seven seconds. 

Trial 4: He inserted left hand at once: three seconds. 

Trial 5: Left hand used at once: five seconds. 

The right hand was used only four times in the succeeding forty trials. 

Crank Box. Trial 1: He grasped the crank with his right hand at once and 
turned counter-clockwise. The crank stuck in the third quadrant. He pushed 
at it feebly, gave up, returned to the attack from the side of the box and pulled 
it through final segment: 160 seconds. 

Trial 2: He grasped the crank with the right hand. Apparently, he was unable 
to move it. He grasped it with both hands and swung it around: twenty-five 
seconds. 

Trials 3, 4, and 5: He use 
Moving to side of box and exerting direct 
Totary movement. 

Trial 6: He grasped with the 
seconds. All later trials were made w 

Hasp Box. On the first three days of the postoperative tests, he pulled out 
the plug and disengaged the hasp promptly with his right hand, but lacked 
strength to lift the lid. He gave up after a few attempts with his right hand. 

On the fourth day, he drew out the plug and disengaged the hasp with his 
tight hand, then lifted the lid with his left foot. It fell back as he attempted to 
reach the food. He lifted it again with his left hand, climbed to the edge of 
the box, bringing his right side against the lid, so holding it up while he grasped 
the food with his left hand. On the second trial, he lifted with the left hand 
and held it up with his left hand, inserting his head for the food. In all later 
trials, he lifted the lid with his left hand, sometimes holding it back with his 
left knee or with his head while reaching into the box with his left hand, or 
with the left hand while reaching with his head. On the eighth and all later 
trials, he pulled the plug with his left hand and used the right only as a prop. 

Throughout the retention tests his activities were centered on the plug, hasp, 
and lid. He never attempted to lift the lid until the hasp was disengaged. When 
= lid was raised the next acts seemed definitely ia to holding it up, and 
though clumsy, the movements were clearly not random. 

Effects of alam Destruction of the Corpus Striatum. A broad bladed 


cautery was next passed through the old lesion into the corpus striatum and 


d only the right hand and turned with difficulty 
pull instead of his former transverse 


left hand and turned counter-clockwise: six 
ith the left hand only. 
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drawn back and forth through this nucleus. The wound was closed, and the 
animal was kept under observation until his death eight days later. 

On recovery from anesthesia, the animal showed marked spasticity of the 
left side. The left arm was usually hyperextended, although in walking or 
clinging to a perch the arm and leg assumed a normal posture. The left side 
was very weak, and when he walked the arm and leg frequently collapsed 
suddenly. He took food with his right hand and placed it in his mouth with the 
palm of his left hand, but without closing the fingers, which remained 
hyperextended. 

On subsequent days, he used both right 
and left hands in walking, climbing and 
grasping food. The left side was spastic and 
very weak but capable of a variety of fine 
adaptive movements. The tight side showed 
a coarse tremor, and athetoid movements of 
the left arm appeared when the right was 
used. There was marked paralysis of the 
pharynx. He kept his mouth stuffed with 
food or shavings but was unable to swallow. 

At no time was the paralysis as marked as 
after the destruction of the cortex. Indeed 
the condition showed no resemblance to 
hemiplegia, but, except for the pharyngeal 
paralysis, was essentially described by Wil- 
son (60) for lesions of the striate nucleus 
without involvement of the pyramidal tracts. 
The possibility that the recovery from the 
Fig. 8.3. The extent of the le- initial paralysis was due to vicarious func- 
Sions in animal number 2, Re- tioning of the striate nucleus seems thus defi- 
oe from camera sketch nitely to be ruled out. The animal did not 
ie dev ae ee aa Posterior recover sufficiently for retention tests after 
gyrus escaped inja precentral this operation, but his behavior when re- 

Jury. leased in the laboratory showed that his 


3 general orientation was unaffected. When 
given an egg, he made efforts to break it by pounding it on the floor, as he 


had done befi A F 
ge efore the operation, and in the performance of this habit both hands 


nt of the des i is indi in T; 
sections through the area are shown ‘i re is indicated in Fig. 8.3 and 


nucleus and the greater 
the putamen intact. 
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of the dorsal aspect of the cerebrum. The 
broken areas outlined indicate the extent of dural adhesions. The 
transverse broken lines show the level of the sections designated 
by the corresponding numbers. (1) to (5) Camera sketches of 
sections showing extent of lesions. Blood clots and scar tissue 
are indicated in solid black. Obviously degenerated cortex is 
marked with coarse stippling. R, fissure of Rolando; S, fissure 
of Sylvius; P, parieto-occipita fissure. 


Fig. 8.4. (a) Outline 
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Left hemisphere. The lesion was less extensive than that on the right. It 
began 5 mm. in front of the median end of the central fissure and extended to 
the frontal lobe. All of the cortex of the median surface to the callosomarginal 
fissure was destroyed. The posterior edge of the precentral gyrus remained 
intact, for a width of about 5 mm. 


In this animal, practically all of the precentral gyrus of the right 
hemisphere was destroyed. He was then trained in manipulative move- 
ments of the right hand, This was followed by partial destruction of the 
left precentral gyrus. On recovery from paralysis, he gave clear evidence 
of retention of the habits but owing to spasticity of the right hand, made 
a direct transfer of the habits to the left hand. The right precentral gyrus 
was almost completely destroyed, whereas a rather large proportion of 
the left precentral gyrus escaped injury, but in spite of this, the animal 
shifted to the use of his left hand in opening the problem-boxes. Subse- 
quent destruction of the greater part of the corpus striatum did not 
produce a recurrence of the hemiplegic symptoms. 


_Number 3. This was a large female rhesus trained on problem-boxes and 
visual discrimination. After retention tests, the motor areas of both sides were 
exposed, mapped and cauterized. Following the operation the legs and left arm 
were completely paralyzed. The right arm made clumsy pawing movements. 
Twelve hours after operation, the animal walked a few feet with staggering 
gait, then collapsed with arms and legs widely extended, and for several days 
made no further efforts to walk. The following day she grasped a grape with her 


right hand and brought it to her mouth after several unsuccessful trials. The 
movements were clumsy and slow. 


Four weeks after operation she seemed sufficiently recovered for retention 
tests, although still sh 


owin EEE S Me ani x 
left limbs. g a general clumsiness and marked weakness of the 


on His per a for Successive groups of five trials in training, pre- 
Sidi Sai Santana ae tests after operation is given in Table 8.3. 
Sais nag glee a. by the operation. n 
tau a ‚to open the problem-boxes in the postoperative retention 
g ertain evidence of the retention of the habits. An average of 678.8 
seconds was consumed in each of the first five trials of training in opening the 
boxes by the method of random activity. Only 17.5 seconds’ er u re- 
quired for the first five trials of the postoperative retention tests Th sthods 
of opening the pull and crank boxes were the same before and al las 
tion. The persistent weakness of the left arm called for a chan 
opening the hasp box. Before operation, the animal had used the same method 
in twenty consecutive trials. The plug was pulled out of the sta le with the 
right hand. ‚The hasp was lifted from the staple with the right u turned 
back against the lid, and then transferred to the left hand. The lid = ‘ifted 
with the left hand and the right hand thrust into the box for the food. In the 
postoperative retention tests, the left hand was not used at all. She first lifted 
the lid with her right hand, then released it and attempted to grasp the food 
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with the same hand, but the lid falling back prevented this. On the first trial, 
she finally held the lid back with her right hand, inserted her head in the box 
and took the food in her teeth. On the second trial, she thrust her head against 
the lid after raising it with the right hand and so held it open while the hand 
was inserted in the box. The same method was used on the third and fourth 
trials. On the fifth trial, she attempted to hold up the lid with her left foot and 
finally succeeded in this after overbalancing twice. In all later trials, she released 
the lid and allowed it to fall against her right arm as this was thrust into the 
box. These various acts were carried out with definite adaptation to the contour 
of the box and had none of the elements 
of random pulling and thrusting which 
characterize the initial stages of learning. 
As in the case of number 2, there seemed 
to be an immediate adaptation of move- 
ments to opening the box, which had not 
been employed at any time in the previ- 
ous practice. 

Extent of Lesions. The injured areas 
are shown in Fig. 8.5 and sections in 
Fig. 8.6. 

Right hemisphere. The lesion began at 
the posterior median end of the central 
fissure and included practically all of the 
precentral gyrus. On the median surface, 
all of the cortex above the callosomar- 
ginal fissure was destroyed. Practically all 
of the gyrus within the rolandic fissure 
Fig. 8.5. The extent of the lesions Was involved. Laterad: the lesion included 
in animal number 3. Reconstructed the upper half of the operculum. At most, 
from camera sketch and serial sec- only the lateral facial area escaped de- 
tions. Practically the whole of both struction. 


SAS cee eee Left hemisphere. The lesion was almost 
within tie Gentes Bee cortex coextensive with that on the right. More 


A 


Discussion of Experiments 


After extensive lesions to the precentral gyri of both hemispheres, each 


of the animals studied gave clear evidence of the retention of patterns of 
movement which had been acquired before the Operative destructions. 
Evidence of this retention was obtained from a comparison of the time 
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required for opening the problem-boxes in initial training with that for 
the postoperative retention tests, from the restriction of reactions in the 
postoperative retention tests to the catches of the problem-boxes, and 
from the persistence of individual peculiarities of opening the boxes. 


Fig. 8.6. Outline of the dorsal aspect of the cerebrum. The broken areas 
Outlined ne iha en of dural adhesions. In a preliminary examina- 
tion, the left hemisphere was cut through along the longitudinal dotted 


ne, i i alves are therefore from somewhat different 
ne un a T show the level of the sections designated 

y the corresponding numbers. (1) to (5) Camera sketches of sections 
showing extent of lesions. Blood clots and scar tissue are indicated in solid 
black. Obvious! degenerated cortex is marked with coarse stippling. R, 
fissure of Rolan lo; S, fissure of Sylvius; is parieto-occipital fissure. 
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The average time required by all animals for opening each box in the 
first five trials of training was 584 seconds. An average of only 30.7 
seconds was required in the first five trials of the postoperative tests. The 
animals all failed the hasp box in the preliminary training until first trained 
without the plug in the staple. In the postoperative tests, they all opened 
this box promptly with the hasp closed by the plug. At the beginning of 
the postoperative tests, each animal (except number 3 with the hasp 
box) used the same hand or hands for each part of the manipulation as 
he had before the operation, and attacked the latches in his former man- 
ner, although the methods of attack were modified rapidly to compen- 
sate for the persistent motor difficulties. All the animals showed perfect 
retention in the visual discrimination test. 

These results establish conclusively that the cerebral areas destroyed 
were not essential to the performance of the habits studied, and observa- 
tions on the general behavior of the animals following recovery from the 
paralysis justify the further conclusion that the areas are not essential to 
the performance of any type of complex adaptive or habitual activity. 

Four possible explanations of the results must be considered: 

1. In no case did the operation destroy the entire precentral gyrus of 
both sides. The parts remaining intact may have contained a sufficient 
number of fibers previously integrated in the habit to produce the condi- 
tioned reflexes, in spite of the great destruction of other fibers of equiva- 
lent function. Such a possibility is supported by data on other functional 
areas in which the various parts seem equipotential (12, 25) and by the 
apparent equipotentiality of parts of the motor area revealed by electrical 
stimulation (28), but several facts speak strongly against this explanation. 

Partial destructions usually entail a certain confusion in the perform- 
ance of all the functions of an area, which seems to exceed anything of 
the sort noted in these animals.® 

In number 3, the destruction on both sides was so nearly complete that 
only a part of the face areas could have remained functional. If we at- 
tempt to explain the survival of habits as being due to the activity of un- 
destroyed parts of the motor area, we must assume that a part of the face 
area is capable of performing all the functions of the entire motor cortex 


—an assumption which is as far from the accepted views of localization as 
is the denial of all habit function to the motor areas. 


5 This does not include the failures with the hasp box or the times when number 2 was 
left in the cage over night. 
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>. Tk might be urged that in the recovery from the motor paralysis, the 
Vicarious functions assumed by other areas included the movements in- 
volved in the problem-box habits; that the habits were relearned during 
the period of recovery from paralysis. The habits, however, consist of 
particular patterns of movement associated with the stimuli presented by 
the latch boxes, During the postoperative period, there was no occasion 
for the animals to reacquire these particular patterns of movement and no 
opportunity for the movements to be associated with the latch boxes. 

3. The long controversy concerning the sensory-motor function of both 
the Precentral and postcentral gyri suggests that the two may both include 
Centrifugal cells for the performance of habits. The literature cited in the 
first part of this paper seems to establish the differential function of the 
two areas, however, and the lack of paralysis after lesions to the post- 
central gyrus makes the hypothesis untenable. Nafiagas (42) found a few 
islands of large pyramidal cells in the postcentral gyrus, but the great 
mass of them was restricted to the precentral. Finally, Brown (4) re- 
Ported that the destruction of the postcentral gyrus did not abolish learn- 
ing ability or interfere seriously with habits formed before the operation 
in the chimpanzee. 

4. The only remaining possibility seems to be that the electrostimu- 
lable areas do not include the centrifugal elements of conditioned reflex 
ares of any sort. (It is of course possible that they contain some such 
elements, but these cannot comprise any significant proportion of the total 
number of centrifugal cells, since their destruction leaves the habits 


Completely unaffected.) In this, the experiments confirm for primates the 
results previously reported for the rat. The neural impulses involved in 
Conditioned reactions do not pass from sensory projection areas to the 
Precentral gyrus and thence to lower centers, but must be conducted by 
Centrifugal cells lying outside of the pyramidal system. In the rat, the 
evidence points to the view that the centrifugal fibers of the sensory 


Projection area itself are primarily involved in this motor function, since 
the destruction of any fourth of the cerebrum exchusive of the visual areas 
“es not affect the ‘performance of visual habits.” Whether or not the 
Same lack of important transcortical conduction holds true for the monkey 
'S questionable in view of the greater proportionate development of the 
Tanscortical association tracts in this animal, but it seems established 
that the “motor areas” are not concerned in the initiation of habitual 
Movements, 

? Experi hich indicate that extensive fronto-parieto-temporal 
Testor pean now ff ee producing a general deterioration of learning 
Ability, indicnte teen visual of the cerebrum is also somehow involved, but they do 
Not seem to ia au 2 Hie beara that the efferent fibers of the sensory projection area 
Ste: pimay oneei ia Ihe subcortical, initiation’ GF movements sespGiated with, the 
“ceptor for that area. 
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The Corpus Striatum and Vicarious Function 


All recent students of the question agree that recovery from cerebral 
paralysis is not due to the assumption of the function of the destroyed 
motor cortex by the corresponding area of the opposite side. On the 
contrary, the simultaneous destruction of the areas in both hemispheres 
seems to be followed by a rather more rapid recovery than follows the 
destruction of either alone. The fact has been noted by Grünbaum and 
Sherrington (17), and by Wagner (59). It was apparent in the slower 
recovery of number 2 from the first operation than from the second. The 
explanation is probably to be found in the forced practice which diplegia 
imposes on the paralyzed limbs (44). 

Other restricted cerebral areas have also been rather definitely ex- 
cluded from participation in the vicarious function of the stimulable areas, 
by the work of Leyton and Sherrington (30) and Lashley (27). Luciani 
(31) has suggested that recovery may be due to the activity of the cor- 
pus striatum, which has homologies with the stimulable cortex. This was 
tested in animal number 2 of the present series by destruction of the 
right striatum after recovery from diplegia. Hemiplegic symptoms did 


not recur, so that we may conclude that the recovery had not been due 
to the vicarious activity of the striate nucleus. 


The Function of the Electrostimulable Areas 


wholly negative. They seem to prove that the precentral gyrus does not 


include the efferent paths for learned activities; in the current localization 
terminology, 


universally assumed. But if this is true, what is the significance of the 


ving the larger musculature of 
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coordinated as they are, for example, in grasping small objects. They 
never show the fineness of gradation and accuracy of adjustment which is 
Characteristic of the movements of the intact animal. This has been ob- 
served by various investigators and interpreted as showing that the finer 
adjustments are integrated at some higher level and imposed through it 
on the motor area. But there is no direct evidence that this is the case. 
The movements following excitation are far more like the gross changes 
of posture which one may observe in the intact animal—the raising of an 
arm preparatory to snatching at food, bracing against a pressure, or the 
like. It seems significant that coordinated movements of the eyes are 
among the most easily elicited movements on electrical stimulation (al- 
though their stimulable points lie outside of the precentral areas), and 
that these movements in the intact man or animal are almost always a 
reflex fixation ( postural adjustment) called out directly by exterostimula- 
tion and, in fact, can not be accurately performed in the absence of such 
Stimulation, as with lids closed. 

Wilson ( 61) has pointed out the similarity of the contractures in cere- 
ral paralysis to the postural reflexes of decerebrate rigidity, and from 
Us it seems certain that a part of the function of the stimulable areas is 

the regulation of these spinal and cerebellar postures. It seems rather 

Probable that the movements obtained on electrical stimulation are only 

* further exhibition of this postural activity and are unrelated to the 
ner coordinations of conditioned motor reflexes, or motor habits. 

._ The Dynamic Function of the Stimulable Areas. The condition follow- 

ing lesions to the precentral gyrus or internal capsule, even in man, should 
© described rather as an enormous difficulty in making movements than 

as an absolute paralysis of movement. The degree of paralysis varies some- 


What from day to day. Excitement seems to increase motor control (36, 
holly disappear during emotional 
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part of their repertoire of movements may be restored, speed may be 
nearly normal, but only a slight force can be exerted, and fatigue occurs 
readily. What is lacking in this condition is not an adequate integration of 
the motor impulses, but a sufficient mass of neural impulses to maintain 
muscular activity. This may be ascribed either to a reduction in the 
number of functional nerve cells, or to inadequate facilitation. The ready 
fatigability is evidence for the latter.® 

There is evidence that the withdrawal of facilitation derived from 
other sources will produce similar weakness and fatigability and a 
tendency not to use the affected parts. Thus Munk (41) has shown that 
denervation of a limb has such effect, and Sherrington’s (53) work has 
demonstrated that they are due to the withdrawal of impulses derived 
largely from the denervated muscles. 

The importance of such facilitating systems has been emphasized by a 
number of recent investigators (37, 60, 54, 57, 23). The general con- 
ception of these investigators is of a series of hierarchies of motor reflexes, 
all exerting a facilitating influence on the final common path. These in- 
volve at least the following elements: 

1. Excitation of the motor cells supplying a muscle by impulses de- 
rived from the receptors in the muscle itself (53). 

2. Long spinal reflexes from synergic muscles (53, 33). 

3. Other proprioceptive and general exteroceptive facilitation whose 
central mechanism is as yet rather obscure (62, 46). 

4, Vestibular and proprioceptive influences exerted through the 
mechanisms of the cerebellum. 


5. Probably facilitation derived from thalamic mechanisms in emo- 
tional excitement (18). 


6. Kinetic influences of obscure origin integrated in the corpus stri- 
atum (60, 23). 

Interference with any of these mechanisms is able to produce a change 
in the excitability of the final common path, and in the intact organism 
it seems certain that every act involves the participation of all of them, 
both by excitation and inhibition. 

These considerations make it possible to form a tentative hypothesis 
concerning the function of the precentral gyrus. Its demonstrated facili- 
tating effects and its lack of direct participation in the conditioned reflex 
are seem to throw it into a class with these other postural and tonic 
systems. Cerebral paralysis is, I believe, to be interpreted as showing that 
a normal function of the stimulable cortex is to supply a substratum of 


8 The all-or-nothing principle of nerve and muscle activity requires the assumption that 
strength of muscular contraction is dependent upon the number of motor fibers involved and 
the rate of succession of propagated disturbances. Piper’s work (45) indicates that fatigue 
involves a decrease in this rate rather than a reduction in the total number of muscle cells 
activated. 
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Summary 

The greater part of the precentral gyrus of both hemispheres was de- 
stroyed in monkeys which had been trained previously in habits of 
manipulation and visual discrimination. When the animals recovered 
from paralysis, it was found that they showed perfect retention of these 
habits. From this it is concluded that the so-called motor areas are not 
directly concerned with the performance of complex learned activities. 
The motor impulses of conditioned reflexes must descend from other areas 
of the cerebral cortex than the precentral gyri, and the latter cannot be 
regarded as the source of impulses to “voluntary movements.” 

Destruction of the corpus striatum subsequent to recovery from 
diplegia produced only the usual symptoms of striate lesion without re- 
currence of the symptoms of cerebral paralysis. Recovery from paralysis 
was therefore not due to vicarious function of this nucleus. 

The evidence for considering the precentral gyrus as a part of the 
kinetic mechanism for reflex control of spinal posture and for maintenance 
of excitability of lower motor centers is summarized. 


REFERENCES 


1. Barenne, J. G. D. de. Sensory localization in the cerebral cortex, Quart. 
J. exp. Physiol., 1916, 9, 355-390. 

2. Bechterew, W. v. Die Funktionen der Nervencentra. Jena: 1911, Vol. III. 

3. Brown, T. G. Studies in the physiology of the nervous system: XXV. 4. 
On the phenomenon of facilitation: its occurrence in the subcortical mechanism 
by the action of which motor effects are produced on artificial stimulation of 
the “motor” cortex, J. Physiol., 1915, 9, 131-145. 

4. Brown, T. G. Studies in the physiology of the nervous system: XXVII. 
6. The motor activation of parts of the cerebral cortex other than those included 
in the so-called “motor” areas in monkeys, Quart. J. exp. Physiol., 1916, 10, 
103-143. 

5. Bubnoff, N., and Heidenhain, R. Ueber Erregungs- und Hemmungs- 


vorgänge innerhalb der motorischen Hirncentren, Arch. ges. Physiol., 1881, 26, 
137-200. 


6. Carville, C., and Duret, H. Sur les 
Arch. Physiol., 1875, 7, 352-490. 
N: Cushing, H. A note upon the faradic stimulation of 
in conscious patients, Brain, 1909, 32, 44-54, 
8. Dana, C. L. A study of the functions of the 
the brain, J. nerv. ment. Dis., 1894, 21, 761-785. 
9. Dupuy, E. Experiment sur les fonctions motrices du cerveau, C. R. Soc. 
Biol., Paris, 1888, 1025-1027. 
10. Exner, S., and Paneth, J. Pflüg. Arch. ges. Physiol., 1889, 44, 544-555. 
11. Ferrier, E. The functions of the brain. London: 1876. 
12. Franz, S. I. On the functions of the cerebrum: the frontal lobes, Arch. 
Psychol., 1907 (2), 1-64. 


fonctions des hémisphères cérébraux, 
the postcentral gyrus 


cortex of the motor area of 


RETENTION AFTER MOTOR ABLATION IN PRIMATES 133 


13. Franz, S. I. Variations in distribution of the motor centers, Psychol. 
Monogr., 1915, 19, 80-162. 

14. Franz, S. I., and Lashley, K. S. The retention of habits by the rat after 
destruction of the frontal portion of the cerebrum, Psychobiology, 1917, 1, 3-18. 

15. Fritsch, G., and Hitzig, E. Ueber die elektrische Erregbarkeit des Gross- 
hirns, Arch. Anat. Physiol., Lpz., 1870, 300-332. 

16. Gierlich, N. Ueber Symptomatologie, Wesen, und Therapie der hemi- 
plegischen Lähmung. Wiesbaden: 1913. 

17. Grünbaum, A., and Sherrington, C. S. Observations on the physiology of 
the cerebral cortex of the anthropoid apes, Proc. roy. Soc., 1903, 72B, 152-155. 

18. Head, H. Studies in neurology. London: 1920. Release of functions in 
the nervous system, Proc. roy. Soc., 1921, 92B, 184-209. 

19. Hermann, L. Ueber elektrische Reizversuche an der Grosshirnrinde, Arch. 
ges. Physiol., 1875, 10, 77-88. 

20. Hitzig, E. Physiologische und klinische Untersuchungen über das Gehirn. 
Berlin: 1904. 

21. Hoppe, H. H. A critical study of the sensory functions of the motor zone 
{pre-Rolandie area): more especially stereognosis, J. nerv. ment. Dis., 1909, 36, 
513-527, 

22, Horsley, V. On the analysis of voluntary movement, Nineteenth Century, 
1891, 29, 857-870. 

23. Hunt, R. The static and kinetic systems of motility, Arch. Neurol. 
Psychiat., Chicago, 1920, 4, 853. A 

24. Jellinek, A., and Koppányi, T. Lernfähigkeit gehirnverletzter Ratten, 
Anzieger Akad. Wiss., Wien, 1923 (17). 

25. Lashley, K. S. Studies of cerebra 
1920, 2, 55-185. 

26. Lashley, K. S. Studies of cerebral function in learning: III. The motor 
areas, Brain, 1921, 44, 255-286. A eles 

27. Lashley, K. S. Studies of cerebral function in learning: IV. Vicarious 
Unction after destruction of the visual areas, Amer. J. Physiol., 1922, 59, 44-71. 

28, Lashley, K. S. Temporal variation in the function of the gyrus pre- 
centralis in primates, Amer. J. Physiol., 1923, 65, 585-602. 4 

29. Lewandowsky, M., and Simmons, A. Zur Physiologie der vordern und 
hintern Zentralwindung, Arch. ges. Physiol., 
ö 30. Leyton, A. S. F., and Sherrington, ‘ 
ite of the chimpanzee, orang-outan and gorilla, 

er don: 1915. Vol. II 

+ Luciani, L. ‚hysiology. London: . Vol. III. 
Be clani, a and Seppili, © Die Funktion-Localization auf der Gross- 
rinde. Leipzig: Deutsche Ausgabe, 1886. 

33, Magias, K and de kistje, A. Die Abhängigkeit des Tonus der Extre- 
Mitätenmuskeln von der Kopfstellung, Arch. ges. Physiol., 1912, 145, 455-548. 

agnus, R. Welche Teile des Centralnervensystems müssen für das Zustande- 
vo amender tonischen Hals- und Labyrinthreflexe auf die Körpermuskulatur 

Orhanden sein? Arch. ges. Physiol., 1914, 159, 224-250. 
4. Marique. Brain, 1885, 8, 536-538. 


l function in learning, Psychobiology, 


1909, 129, 240-254. 
C. S. Observations on the excitable 
Quart. J. exp. Physiol., 1917, 


134 THE NEUROPSYCHOLOGY OF LASHLEY 


35. Mills, C. K. The separate localization in the cortex and sub-cortex of the 
cerebrum of the representation of movements and of muscular and cutaneous 
sensibility, J. nerv. ment. Dis., 1901, 38, 595-619. . 

36. Minkowski, M. Etude physiologique des circonvolutions rolandiques et 
parietales, Arch. Suisse Neurol. Psychiat., 1917, 1, 389-459. : 

37. Monakow, C. von. Aufbau und Lokalisation der Bewegungen beim 
Menschen. Ber. ueber iv. Kongress exp. Psychol. in Innsbruck, 1910. 

38. Mott, F. W. The sensory-motor functions of the central convolutions of 
the cerebral cortex, J. Physiol., 1893-1894, 15, 464-487. 

39. Munk, H. Ueber die Funktionen der Grosshirnrinde. Berlin: 1890. 

40. Munk, H. Ueber die Fühlsphären der Grosshirnrinde, Sitzungsber. Berlin 
Akad. Wiss., 1892, 679-723; 1893, 759-781; 1894, 823-833; 1896, 1131-1159. 

41. Munk, H. Ueber die Folgen des Sensibilitätsverlustes der Extremität für 
deren Motilität, Sitzungsber. Berlin Akad. Wiss., 1903, 1038-1077. 

42. Naüagas, J. C. Anatomical studies on the motor cortex of macacus rhesus, 
J. comp. Neurol., 1922, 35, 67-96. 

43. Nothnagel, H. Experimentelle Untersuchungen über die Funktionen des 
Gehirns, Arch. path. Anat. Physiol., 1873, 57, 184-227. 

44. Oden, R., and Franz, S. I. On cerebral motor control: the recovery from 
experimentally produced hemiplegia, Psychobiology, 1917, 1, 33-50. 

45. Piper, Electrophysiologie menschlicher Muskeln. Berlin: 1912. 

46. Richter, C. P. A behavioristie study of the activity of the rat, Comp. 
Psychol. Monogr., 1922, 1, 1-55. 

47. Rothmann, M. Ueber die physiologische Wertung der cortico-spinalen 

(Pyramiden) Bahn, Arch. Anat. Physiol., Lpz. (Physiol. Abt.), 1907, 217-275. 

48. Rothmann, M. Ueber die elektrische Erregbarkeit der Zentralwindungen, 
Mschr. Psychiat. Neurol., 1912, 32, 489-502. 

49. Sanderson, J. B. Note on the excitation of the surface of the cerebral 
hemispheres by induced currents, Proc. roy. Soc., 1874, 22, 368-370. 

50. Schäfer, E. A. J. Physiol., 1901, 26, 23-25. 

51. Schäfer, E. A. On the alleged sensory functions of the motor cortex 
cerebri, J. Physiol., 1898, 23, 310-314. 

52. Schiff, M. Untersuchungen über die motorischen Funktionen des Gross- 
hirns, Arch. exper. Path. Pharmak., 1875, 3, 171-179. 

53. Sherrington, C. S. The inte; 


grative action of the nervous system. London: 
1911. 
54. Sherrington, C. S. Postural activity of muscle and nerve, Brain, 1915, 38, 
191-234. 


55. Starlinger, J. Die durchschneidun: 
Neurol. Zbl., 1895, 14, 390-394. 


56. Thorndike, E. L. The mental antecedents of v, 


g beider Pyramiden beim Hunde, 


oluntary movement, J. Phil. 
Psychol. sci. Meth., 1907, 4, 40-42, 
57. Tournay, A. Conception actuelle des grandes fonctions motrices, J. 
Psychol., 1920, 17, 904-930. 


58. Vogt, C., and Vogt, O. Zur Kenntnis der elektrisch erregbaren Hirn- 
rindengebiete bei den Säugetieren, J. Psychol. Neuro 


l., Lpz., 1907, 8, 277-456. 
59. Wagner, V. Discussion in Neurol. Zbl., 1905, 24, 1022. 


RETENTION AFTER MOTOR ABLATION IN PRIMATES 135 


60. Wilson, S. A. K. An experimental research into the anatomy and physi- 
ology of the corpus striatum, Brain, 1913, 36, 427-492. 

61. Wilson, S. A. K. On decerebrate rigidity in man and the occurrence of 
tonic fits, Brain, 1920, 43, 220-268. 

62. Yerkes, R. M. Inhibition and reinforcement of reactions in the frog, J. 
comp. Neurol. Psychol., 1904, 14, 124. 


g, STUDIES OF CEREBRAL FUNCTION 
IN LEARNING. VI. The Theory that 
Synaptic Resistance Is Reduced by the 
Passage of the Nerve Impulse? 


propagated disturbances and a subsequent lessening of the resistance by 


concerning 
‚ ranging 


1 EDITORS’ NOTE: From Psychol. Rev., 1924, 31, 369-375, Reprod: by issi f 
the American Psychological Association, From the University of Min y Permission ol 
136 


THEORY OF SYNAPTIC RESISTANCE 137 


conditioned reflexes, and the like suggest that in these cases a single 
performance serves to fix the habit. If this were the case for every simple 
reintegration within the nervous system we should still get the appearance 
of gradual improvement through practice, because of the successive 
formation of many such simple associations or the successive blocking of 
interfering integrations such as seems to take place in the perfecting of 
the conditioned reflex. 

The fact of gradual improvement in complex functions cannot there- 
fore be taken as evidence for a gradual wearing down of synaptic re- 
sistance by repeated passages of neural impulses and the hypothesis must 
still be considered as open to question. In recent experiments upon other 
phases of the neurology of learning, I have made incidental observations 
of some phenomena which seem altogether incompatible with this theory 
of the wearing down of synaptic resistance and which indicate that new 
conditioned-reflex paths may be established under conditions where the 
Passage of significant neural impulses over the ares in question is pre- 
cluded during the whole course of learning. The experiments deal with 
both centripetal and centrifugal paths, in both of which it has been 
Possible to block the peripheral neurons during training and to observe 
their later functioning in the performance of the habitual acts. 


Conditioning of Afferent Paths Which Were Nonfunctional 
during Practice 

In tests of the mutual relationships of the striate areas of the cerebral 
Cortex of the albino rat I effectually blindfolded the left eye of the animal 
With a velvet-lined wire and adhesive tape mask. The blindfold remained 
in place for a month during which the animal was trained in a Yerkes 
discrimination box to avoid the brighter of two lights. When discrimina- 
tion was perfect (no error in thirty trials) the blindfold was transferred 
to the right eye, When the animal became adapted to the new adjustment 

is discrimination with the left eye was tested. He showed perfect dis- 
crimination with this eye which had not been used during the formation 
of the habit, 

This result is no more than would be expected when we recall the 
facility with which we ourselves recognize an object with either eye 
When it has previously been seen with one eye alone (the common ex- 
Perience of the microscopist who views his field alternately with either 
eye). Yet this obvious fact has never been brought into relation to learn- 
ing theory. Neural fibers come from the two retinae and somewhere im- 
rated whetracteristic that the oanditionee ee ate ents 
hinti@es when the associated stimulus succeeds or fails to elicit it. It is at first easily in- 

ited. With Practice the inhibition becomes more difficult, but there is some evidence for 
specific resistances to inhibiting agents 


the belief i 
that this is due to the building up of inted i 
Sather than to a simple increase in the excitability of the associated reaction. 
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Pinge upon a final common path. In the above experiment fibers from the 
right eye are integrated with the effector mechanisms of the avoiding 
reaction during the course of training, in which they have been subjected 
to retinal excitation. But the neurons of the left optic tract prove to be 
equally well integrated with the avoiding reaction, although that eye was 
not subject to photic stimulation during training. 

It is not sufficient to say that this result is explained by the fact that 
fibers from corresponding points of the retina do reach the same central 
ganglion cells. The corresponding fibers do not anastomose and there is 
no evidence that they have synapses in common, The wearing down of 
resistance in one afferent tract could not therefore affect the other. It is 
possible that the corresponding points activate the same centr 
cells and that the reintegrations take pl 
motor neurons. But the following facts make this supposition rather ques- 
tionable. Destruction of one eye and the contralateral cerebral visual 
area in the rat does not in the least affect visual discrimination. Destruc- 


tion of one eye and the homolateral visual area reduces accuracy of dis- 
crimination. If the cortex contained 


retinae these operations should produce like effects 
final common path. Since they do not, this hypothetical fin 
must lie at a subcortical centrifugal level. (T 
man also indicate that the final common path, except for Pupillary reflexes, 
is not established at a precortical level.) The impulses to the habitual 
discrimination must therefore pass through the cortex, since the destruc- 
tion of both striate areas abolishes visual habits, before they reach such 
common ganglia and hence the destruction of the striate areas should abol- 
ish the functional identity of impulses from the two eyes, 

I have repeated the above blindfold experiment with 
destruction of the visual area of both hemispheres (occipital third of the 
cortex). The blindfold was applied to the left eye immediately after the 
brain operation, so that there was no possibility of the formation of new 
common associations through the simultaneous use of the two eyes. The 
results of the test with this animal were the same as with the normal one; 


effective performance of the habit with the eye which had been blind- 
folded during training was obtained. 


These facts seem to exclude the 


‘al ganglion 
ace between these cells and lower 


an animal after 


theory of a simple connection of 
corresponding points in the two retinae with common ganglion cells and 


reintegration through the passage of impulses over this final common 
path. As an alternative, the drainage theory might be appealed to here— 
the hypothesis that the excitation of a neuron exerts a suction upon all 
the synapses of that neuron (7, 9), but recent work on the character of 
the propagated disturbance in the axon has most thoroughly exploded the 
doctrine of nervous energy or neurin. Moreover, the same phenomenon 
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seems evident in recognitions of tactile stimuli and no one would claim 
that all cutaneous afferent fibers have synapses in common or that the 
excitation of one final common path drains energy from all afferent tactile 
fibers. 

_ It seems, then, that the theory of wearing down of synaptic resistances 
is inapplicable to this case of learning and that we must seek for some 
other principle to account for the altered conductivity of the neuron 
system. 


The Utilization of Efferent Paths Which Were Nonfunctional 
during Learning 

More striking data with the same implications have come from studies 
of the precentral gyrus in monkeys. These have been reported in detail 
(5) and a single illustration will serve for the present thesis. The right 
Precentral gyrus was destroyed by cauterization in a cebus monkey. A 
Severe paralysis of the left arm and leg followed. The animal was then 
trained to open a variety of latch boxes with his right hand. During the 
training there was some recovery from the paralysis but the left arm and 
as a stiff prop to support the body during the manip- 
nd at no time during training did the animal 
left hand. When the habits were fixed the 


eft precentral gyrus was destroyed, with a resultant paralysis of the trained 

tight hand. The animal was kept without further training until the 

Paralysis of the right hand had so far recovered as to seem to permit 

Manipulation of the latches again. His ability to open the boxes was then 

tested. In the meantime he had acquired facility in the use of his left 
and and the right was now by preference used only as a prop. i 

When confronted with the problem-boxes he fumbled clumsily at the 
Catches of each during a few trials with his right hand, then attacked the 
fastenings with his left hand and released them without random move- 
ments and almost as quickly as he had formerly done with his right hand 
after protracted training. There was almost perfect transfer of the habit 
to the hand which had been paralyzed during training. 

Here, as in the centripetal end of the arc, we have evidence of the 
utilization of neural paths in the performance ofa learned reaction which 
Were not activated during the course of learning. In this case the drainage 
theory is definitely ruled out. Irradiation of impulses to symmetrically 
Placed spinal neurons might account for the results but I have records of 
Other cases where the Head or leg was substituted for the arm rendered 
Useless by operation and where, consequently, irradiation cannot explain 
the transfer of the habit to the unused organ. ; 

It seems certain, then, that we have here two types of habit formation 
Which cannot be explained by any wearing down of synaptic resistance 


hand were used only 
ulations with the right hand a 
grasp at the latches with his 
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through the passage of nerve impulses. The behavior is of a complex 
character, approximating what is termed ideational behavior in man. 
Placing it in this category, however, does not advance our problem, which 
is to understand the physiology of reintegration. Most familiar cases of 
learning, even the so-called conditioned reflex, approach this order of 
complexity so that these cannot be looked upon as exceptional cases but 
rather tend to discredit the theory as applied to any learning. 

An alternative theory is not possible in the present state of the science 
of neurophysiology but there are suggestions in recent experimental work 
that such theory must develop in a quite different direction from that 
which it has thus far taken. Spinal reflexes as they are usually described 
are such simple diagrammatic affairs that they have captured our imagina- 
tion to the exclusion of other neurological phenomena and have been 
taken as the pattern of all nervous activity. As conditioned reflexes they 
have been expanded to embrace all nervous activity, until the telephone 
system has come to be looked upon as an adequate analogy for all central 
nervous function. But the phenomena of equipotentiality of function of 
cerebral areas (2), of vicarious function without definite localization (3), 
of mass action of central ganglia (8), of temporal variation in function 
(4), and the accumulating mass of evidence which indicates that in the 
intact organism every reaction is an expression of the total activity of the 
central nervous system, all are difficult to harmonize with a system of 
anatomically restricted reflex paths defined by varying degrees of syn- 
aptic resistance. 

Work upon the “all-or-nothing” character of conduction and the re- 
fractory period of nerve suggests that the rate at which the neuron may 
transmit successive impulses is at least as important in determining the 
direction of conduction as the degree of synaptic resistance. The theories 
of inhibition of Verworn (11) and Lucas (6) involve the conception of 
critical frequencies of impulses for each neuron. If this should be verified 
for the central nervous system we may have to seek for changes in the 
refractory period rather than at the synapse as the basis of the learning 
process and for changes in the periodicity of discharge within a syncytium 
rather than for anatomically defined conduction paths to account for new 
integrations. 

The observations recorded aboy 
hypothesis than with the current on 
detailed speculation in this field is 


0 of even such Psychological 
findings as the “Law of Frequency” in learning. 
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10. TEMPORAL VARIATION IN THE 
FUNCTION OF THE GYRUS 
PRECENTRALIS IN PRIMATES‘ 


In much of the earlier work upon the effects of electrical stimulation of 
the cerebrum the stimulable points were looked upon as the physiological 
expression of precisely localized structures having rather simple anatomi- 
cal connections with lower motor neurons. The points were regarded as 
absolutely stable and maps of areas in different species were published 
with the conviction that they represented definite anatomical differences 
having evolutionary significance. 

Recent evidence has tended to discredit this view of precise anatomical 
localization. Franz (3) mapped the arm and leg areas in a number of 
rhesus monkeys and found little correspondence in localization of stimu- 
lable points among different individuals. Even the two hemispheres of 
the same brain showed divergence in the localization of points exciting the 
same movements. This result led Franz to conclude that the apparent 
localization revealed by electrical stimulation is largely the result of 
physiological rather than strict anatomical conditions. . . . 

Quite similar results were obtained by Stout (6) in studies of the 
motor area of the cat. This author seems to imply a functional correlation 
of the extent of the stimulable areas with the habit systems of the indi- 
vidual. ... ý 

This work demonstrates the existence of extensive individual variations 
in the localization of function of the stimulable cortex. There is also 
evidence for some variation in function under different conditions of 
facilitation and inhibition. Brown and Sherrington (2) found that a 
point which on one stimulation gave contraction might later give exten- 
sion of the same muscle group. Such a reversal of movement might result 
after repeated stimulation of the point, after stimulation of an antag- 
onistic point, after epileptoid discharge, or after stimulation of the affer- 

1 gprrors’ NOTE: From Amer. J. Physiol, 1923, 65, 585-602. Reproduced by permission 


of the American Physiological Society. From department of psychology, University of 
Minnesota. 
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ent nerve of the contralateral limb. They mention one case of seeming 
spontaneous reversal of effect when a point was reexamined twenty-eight 
hours after a first test. Their study was restricted to pairs of antagonistic 
muscles and hence offered little chance of discovering more extensive 
alterations in the movements elicited from the points studied. 


In a series of papers (1) Brown has extended this work and has done 


much to clear up the mutual relations of points within the central con- 


volutions. 


Leyton and Sherrington (5) described a number of cases where suc- 


cessive stimulations of a cortical point resulted in dissimilar movements, 
after intervening stimulation of other areas. Some of these “deviations 
of response” involved changes as great as that from finger to shoulder 
movements and even overlapping of the face and arm areas. The authors 
regard these deviations as temporary and ascribe them to facilitation from 
other areas stimulated during the course of the experiment, acting either 
upon the cortical or subcortical centers. 

This conception seems to imply the belief that there is a primary move- 


ment typical of each cortical point, stable over long periods of time, which 
may be modified by facilitation but will return spontaneously to its 
on have worn off. In several 


Primary condition when the effects of facilitati 
experiments the authors stimulated the same area at intervals of from a 
few days to several months. They report that the same movements were 
obtained in the different tests. These reports are fragmentary, however, 
and do not include any systematic exploration of extensive areas with a 
view to determining temporal variation. It is possible that, within the 
limits of deviation found in the experiments, no one movement or pattern 
of movements is more characteristic of a given cortical point than another 
and that the movements elicited at any given time are dependent upon 
the previous condition of activity of the cortex, rather than upon any 
innate primary function of that point. 
Such studies indicate that the functional localization of the motor 
Cortex is capable of wide variations under the influence of the activity 
of other parts of the cerebrum. They leave the question of precise ana- 
tomical localization undecided, however. It is possible that each cortical 
point is capable of calling out a primary reaction which is relatively stable 
although capable of temporary modification; it is possible that the reac- 
tion elicited from each motor point is wholly dependent upon previous 
Conditions of stimulations and that apparent anatomical localization within 
the motor area arises only through the relative constancy of dynamic con- 
ditions within the time limits of the experiment; or the truth may lie some- 
where between these extremes as a given anatomical localization within 
which the finer movements are determined by transient physiological 
conditions. g 
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The question may be answered in part by exploring and mapping the 
same stimulable area at different times, allowing a sufficient interval for 
a change in the “set” of the organism between successive tests.? 

Stability of cortical points under such conditions would argue for a 
definite anatomical basis of function. Great variation in localization on 
the contrary would indicate that unstable physiological conditions under- 
lie a merely transitory localization. The present paper is a report of a 
series of tests of localization in the gyrus precentralis made at intervals of 
from one to fifteen days to test the extent of temporal variation. 


Methods 


Under deep chloroform-ether anesthesia the skull of a small rhesus monkey 
was trephined and the opening enlarged with bone forceps until the greater 
part of the right precentral gyrus was exposed. The dura was trimmed away, 
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Fig. 10.1. Camera outline of brain Fig. 10.2. Diagram of points stimulated 
toe right dorso-lateral aspect. The on the right precentral gyrus. R, fis- 

ei a = ne area mapped is shown sure of Rolando. Points outside of the 
y the broken line, cross-ruled area were inexcitable. 


a meninges left intact. The distances separating the chief visible land- 


narks on the exposed surface were measured and a map, enlarged to twice the 
size, was laid off with proportional dividers. The area exposed is indicated by 
the dotted line in Fig. 10.1. This is a camera drawing of the brain, after 
hardening in 10 per cent formalin, upon which the original map was projected. 
The inner margin of the area first exposed paralleled the longitudinal fissure at 
a distance of 5 mm. Its lateral margin passed 6 mm. from the fissure of Sylvius 
Caudad it included a part of the postcentral gyrus. The area was ex lorod and 
the excitable points indicated on the map. After exploration her was per- 
formed under aseptic conditions, the exposed area was ehvereil with a Ai 
2 The desirability of extending studies of variation in 


i the motor cortex to its temporal 
aspects was pointed out to me some years ago by Dr. S. I. Fran: 3 pi 
edge my indebtedness for the suggestion. Z, to whom I wish to acknowl- 
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flexible sheet of mica to prevent adhesions, the skin flaps closed with interrupted 
sutures and securely bandaged. The exploration was repeated in four consecutive 
tests at intervals of from one to fifteen days. 

Stimulation was given by the bipolar method, the points of the electrodes 
separated by 1 mm. At the beginning of each experiment the threshold was 
determined for the point b4 (Fig. 10.2) and current intensity was maintained 
just above this limen except where areas proved relatively inexcitable. When 
such areas were encountered the current intensity was increased until responses 
appeared or until there was indication of spread of current to involve neighbor- 
ing areas. The electrodes were applied at each stimulation for less than one 
second so that in most cases only the primary movements of the point were 
elicited. 

The points stimulated were located by reference to visible landmarks on the 
surface of the cortex and by measurements with proportional dividers, particu- 
larly from the two median angles of the skull opening. The points tested were 
Separated by approximately 2% mm. The method of measurement assures, I 
believe, the identification of the points in successive trials. It is possible that 
adjacent points were sometimes confused in different tests, but the possibility of 
such a defect in technique is inadequate to account for the wide variation found 
In many cases. 

In order to avoid differences in facilitation or deviation in the sense of Leyton 
and Sherrington the same order of stimulation was followed in successive tests. 
Exploration was begun at the postero-median corner of the field . . . [and con- 
tinued in regular order]. After systematic exploration in this manner, the chief 
Points from which distinct movements had been obtained were again stimulated 
in irregular order to verify the first findings and to test the possible influence of 
the sequence of stimulation upon the character of the movements obtained. In 
general these check stimulations consistently verified the findings of the system- 
atic exploration. In a few cases deviations of response were noted which were 
clearly the result of the stimulation of the face area at the end of the systematic 
exploration, but the major differences in the findings of successive tests were 
Verified in each case and proved stable for the duration of each test. 

During the tests the cortex was kept moist with sponges wrung out from 
warm physiological saline. The electrodes were applied by the experimenter 
Who also recorded the position of the points stimulated upon the enlarged map. 
Movements were observed and recorded by an assistant.* 

An effort was made to obtain the same degree of narcosis in the different 
tests, but this was scarcely possible, owing to marked differences in the re- 
Sistance of the animal to the anesthetic at different times. 


Conditions of the Different Tests 


' Test I. The first exploration was made on March 27. . . . The field seemed 
4 include a considerable portion of the leg area, and points for all segments of 
e arm. The lateral margin of the field, later giving movements of the face, was 


3 > 
EDITORS” NOTE: A table giving the order of points stimulated and protocols of the move- 


N obtained has not been reproduced. i 
am indebted to Mr. Lester Wiley and to Mr. Carney Landis for assistance in this work. 
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inexcitable to any strength of current. The postcentral gyrus remained in- 
excitable in all the tests. After exploration the wound was closed and the animal 
returned to his cage. On recovery from the anesthetic he showed no symptoms 
of motor disturbance. 

Test II. Twenty-four hours later, March 28, the animal was again anesthetized, 
the cortex exposed and mapped as before... . The threshold was slightly 
higher (one-half division on the Porter inductorium) but epileptoid contractions 
were occasionally elicited on very slight stimulation. The Opening was again 
closed and the animal kept under observation for 16 days. During this time there 
was no indication of any motor disturbance and healing of the wound progressed 
rapidly. 

Test III. On April 13 the cortex was again exposed. It appeared perfectly 
normal, without adhesions, and it was mapped as before. The threshold was 
approximately that of the first test. The movements obtained . . . [were re- 
corded]. The wound was closed and the animal kept under observation. No 
motor disturbances were noted until April 25. On April 23 the animal tore off his 
bandage and infected the wound. Two days later a very slight paresis of the left 
arm developed. It was detectable only in an occasional extension of the arm 
when the animal was at rest. In feeding and locomotion the arm was used in 
normal manner. I had intended to test the effects of disuse, but the infection 
made it necesary to terminate the experiment. The following test of fatigue 
was therefore undertaken, 

Test IV. Effects of fatigue. April 25, the monkey was driven about the animal 
Toom as rapidly as possible and kept in active motion for twenty minutes. At 
the end of this time he seemed completely exhausted, lay prone on the floor and 
submitted to every indignity without making an effort to rise. He was then 
quickly anesthetized and the wound opened. Since the last test a thin membrane 
had developed over the surface of the exposed cortex. Removal of this entailed 
Superficial injuries to the gyrus, especially over the points a, b, c, 6, 7, and 8, in 
Fig; 10:2... .,, The threshold was found to be slightly higher than in any 
previous test. This may have been due to the fatigue, to the infection, or to the 
injuries to the cortex. Had the experiment shown decreased activity, the infec- 
tion would have rendered it meaningless, but the variety of movements elicited 
seems significant in spite of the defects of technique. 

At the end of this test the wound was again closed. On the following day 
the animal showed a well-developed paresis of the left limbs. Examination of 
the wound showed an inflammation of the exposed cortex and a slight hernia. 
The area was wholly inexcitable to faradic stimulation although stimulation of 
the white fibers still induced movements. Enlargement of the skull opening and 
exploration of the surrounding area was begun. Movements of the leg were 
obtained from the area mediad to the opening, but with further enlargement of 
the opening there was a sudden disappearance of all excitability, involving both 
the cortex and the underlying fibers. This depression persisted for half an hour 
at the end of which the experiment had to be terminated. During this time the 
other hemisphere remained normally excitable. It was thus impossible to map 
the area surrounding the first operative field. 
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Analysis of Results 

The points stimulated are indicated in Fig. 10.2. Each lay within one 
of the Squares marked off by the ordinates and abscissa on the map... . 

The majority of the reactions obtained from the exposed area were of 
the arm Segment. A relatively large area giving facial movements was 
exposed but these movements lacked variety and were sometimes com- 
pletely absent. In the first test an extensive leg area seemed included in 
the field, but in later tests movements of this segment were rarely ob- 
tained, 

Comparisons of the results obtained in different tests seem to justify 
the following generalizations. 

1. In each test the movements obtained were quite constant.’ After the 
Systematic exploration, which reviewed the points . . . [in regular order] 
two or three points in each row were again stimulated and in each test 
the movements obtained in the systematic exploration again appeared. 
These check stimulations were given in irregular sequence so that it seems 
Probable that facilitation and deviation played little part in determining 
the reactions, 

2. In the tests on different days there was almost no constancy of reac- 
tion from day to day. 

a. In the different tests stimulation of the same point usually gave rise 
fo different movements, Fifty-seven points were examined. Among these 
the following proportions of duplicate and diverse movements were ob- 
tained; 


Number of points which gave a different primary movement at 


every test 22 
Number of points which gave the same movement in 2 trials 

only 26 
Number of points which gave the same movement in 3 tests A 


Number of points which gave the same movement in 4 tests 


Three points were silent throughout the tests, In the above figures 
only movements were considered. In some cases (a6-8: c6: e6:) the areas 
Were silent in two tests and gave diverse movement in the others. These 

Ve cases are included in the group of twenty-two above. i 

The twenty-six points from which the same movement was obtained in 
two trials include ten cases of duplicate movements of the lips. The mouth 
area is very extensive and gives little variety of movement so that this 

Uplication receives undue weight when considered in this way. Disre- 
Sarding the lip movements and silent areas, 50 per cent of the points 
examined failed to give duplicate movements in any two tests. 


EDITORS’ vore: Italics here and elsewhere in this article are Lashley’s. 
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To determine whether mere reversal of movement as described by 
Brown and Sherrington (2) is responsible for the apparent variation of 
function or whether the variation is more extreme, we may compare the 
movements elicited from the same point at different times. 

b. The results show that not only does reversal of function occur but 
the same area may show, as primary movements, flexions or extensions 
of different joints or even body segments. Movements elicited from the 
arm area are frequently restricted to a single joint or segment of the arm. 
Rarely more than two such segments are involved in the reaction. Of the 
fifty-seven points tested twenty-nine gave movements restricted to differ- 
ent joints at different times, as point b7 which gave movements of wrist, 


Fig. 10.3. Areas giving movement of Fig. 10.4. Areas giving movement of 
different segments of the arm in dif- different bodily segments in differ- 
ferent tests, (X2) ent tests. ( X2) 


forearm and shoulder only in three different tests. Figure 10.3 shows in 
stippling the points which gave exclusive movements of different segments 
of the arm in different tests, with no duplication of movements in at least 
two tests. 

Further, the variations of function extend even to different bodily seg- 
ments. Five points gave only movements of the leg in one test and only 
movements of the arm in the others; five gave neck and eyes in one test 


and only arm in others; three gave face only and arm only in different 
tests. The location of these areas is given in Fig. 10.4, 


c. There is apparently no functional re 
elicited from the same point at different times. Point d7, for example, 
gave adduction to the upper arm, rotation of the same segment shrug- 
ging of the shoulder and turning of the eyes with pricking up of the ear in 
different tests. There is no reason to suppose that such diverse movements 
represent either parts of a coordinated pattern or of antergic patterns. 


lation between the movements 
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3. At different times identical or nearly identical movements may be 
elicited only from quite widely separated areas. It is difficult to describe 
movements in such terms that absolute identity can be determined in suc- 
cessive trials, My general impression is that exactly the same pattern 
of movement is rarely if ever elicited in tests on different days. But move- 
ments of the same segment in the same general direction are recognizable 
and these were frequently elicited from quite distinct areas at different 
times, Figures 10.5 to 10.12 inclusive show for typical movements areas 
from which the same movements were elicited in different trials. In all 
these figures the same symbols for the test are used. Test I, =; test II, 


Il; test III, Y ; test IV, WW. 


Fig 10.5. Areas which gave flexion of Fig. 10.6. Areas giving adduction of 
ngers in different tests. For signifi- the thumb. (x2) 
cance of crosshatching see text. (X2) 


“ The area for closure of the hand (Fig. 10.5) remained fairly constant 
In all the tests. Separate adduction of the thumb, obtained in two tests, 
was, on the contrary, elicited only from widely separated points (g6 and 
= Fig, 10.6). Dorsal flexion of the wrist (Fig. 10.7), flexion of the elbow 
(Fig, 10.8) and rotation of the forearm (Fig. 10.9), and rotation of 

© upper arm (Fig. 10.10) all showed wide variations in different trials. 
Abduction (Fig. 10.11) and adduction (Fig. 10.12) of the arm showed a 
greater tendency to restriction to one part of the field. 

‚In some of these cases there is overlapping of points in two or more 
trials, but, except for the flexion of the fingers, the distinct areas greatly 
exceed in extent the overlapping ones. In some cases, as those of rotation 
of the forearm, abduction and adduction of the upper arm, it might be 
ee = d that only one stimulable area is involved and that differences in 
Acilitation or deviation account for the different limits noted. The wide 

\vergence of the areas in Figs. 10.6, 10.7, and 10.10 makes such a gen- 
eral Interpretation impossible, however. 
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4. There is a tendency toward stability in the grouping of excitable 
points for the same body or limb segment in the same general area, al- 
though the details of movement do not show consistent localization. 
Movements involving the leg were never obtained except from the median 
portion of the field, movements of the face only from the lateral portion. 
It thus seems possible to distinguish leg, arm, and face areas, although 
with shifting and unstable boundaries. Within the arm area movements 
of the upper segments tend to be restricted to the median portion of the 
field, movements of the wrist and hand to the posterior edge of the gyrus, 
but the amount of variation obtained makes it questionable whether the 
uniformities encountered are not largely a matter of chance. 


Fig. 10.7. Areas giving dorsal flexion Fig. 10.8. Areas giving flexion of 
of wrist. (x2) elbow. (2) 


The Effects of Fatigue 


. The attempt to induce fatigue seemed to bring the animal to the end of 
his ability to make voluntary movements. He had been unusually wild from 
the first and always struggled violently to avoid handling. After twenty 
minutes of continued running he ceased to make any effort to escape and 
could not be induced to make further attempts at flight by any stimuli 
that I could apply. It is difficult to determine how much of his inaction 
was due to actual fatigue and how much to the passivity which the wild- 
est rhesus frequently shows when finally cornered or held. His last move- 
ments, however, were weak and lagging and suggested extreme fatigue. 
Some recurrence of activity appeared as he was being placed on the 
operating table, but such a possibility of a final spurt seems to charac- 
terize any degree of fatigue, if the incentive can be sufficiently increased. 
The evidence indicates a rather extreme degree of fatigue, ‘although it 
can not be characterized as absolute. 
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The movements elicited from the precentral gyrus in this condition 
give no evidence that the fatigue had any influence upon the activity 
of this area, but rather indicate that the functioning of the area is scarcely 
affected in fatigue of voluntary movement. After fatigue, 11 diverse move- 
ments were elicited by stimulating the exposed area. The average for the 
three preceding tests is 11.3 distinct movements. The elevation of 
threshold, although apparently consistent, was not greater than the differ- 
ence which is frequently found in the same test between adjacent areas. 

The last movements elicited in fatiguing were turning the head and 
eyes to watch the experimenter. The appearance of these movements for 
the first time in this test might be ascribed to a persistence of a “set” to 


x Fig. 10.10. Areas giving inward rota- 
tion of forearm. (2) tion of upper arm. (X2) 


Fig. 10.9. Areas giving inward rota- 


this type of response, but similar movements are usually dominant in 
Stimulation experiments just before the animal is anesthetized, so that the 
assumption of a special relationship in this case does not seem justified. 

Even allowing for defects of technique, the experiment points to the 
Conclusion that the incidence of fatigue of voluntary movement is at some 
Point other than at the so-called motor cortex or lower motor neurons. 

his is in line with the results of many investigations which indicate that 
the motor end of the reflex arc is relatively unfatigable. 


Possible Causes of Temporal Variation 


su tests reported show a variation in the functions of the same pre- 

in t Sales from time to time, as great as the diversities found by Franz 
ae brains of different animals. Is this due to some defect in the ex- 

et technique or to a true variation in functional localization? If 

Be aken, what is the significance of the variation for theories of the 
Sanization of the cortico-spinal conduction systems? 
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The particular methods employed do not seem adequate to account for 
the variations found. Errors of measurement may have resulted in dis- 
placement of points from test to test, but while this might account for 
variation of adjacent points, it will not explain results such as are shown 
in Figs. 10.6 to 10.12. Differences in depth of narcosis appeared in dif- 
ferent tests, but within a single test approximately the same localization 
may be demonstrated from the deepest narcosis to the point where avoid- 
ing reactions begin to appear and no such wide range was involved in 
these experiments. Threshold of excitability may be influenced by depth of 
narcosis, but not localization within any single test. Irritation of the cortex 
through successive operations and stimulations may likewise be expected 


Fig. 10.11. Areas giving abduction Fig. 10.12. Areas giving adduction 
of upper arm. ( x2) of upper arm. ( x2) 


to produce changes in excitability, but to ascribe the variation in function 
to this is to admit a multiplicity of functional representation which practi- 
cally abandons the conception of strict and limited localization, 


Finally, deviation of response as a result of the cortical stimulation 
might be urged as the cause of th 
of stimulation w. 
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test the absolute range of variation either in the localization of specific 
movements or in the movements which may be elicited from a single 
point. The areas for different bodily segments remained fairly distinct 
throughout the tests. This indicates some morphological basis for the 
differentiation of function in the larger segmental divisions of the gyrus. 

Within the same segment, however, the same points at different times 
elicited diverse responses and the same response was elicited from widely 
Separated and shifting areas. Within this area there is no justification for 
ascribing a specific function to individual points or for holding that, within 
rather wide limits, one movement is more typical than another. The vari- 
ations were in some cases so extensive as to suggest that, had a greater 
number of tests been given, an equipotentiality of function of all parts 
within the arm segments would have appeared. This distinction between 
Segmental areas and the lack of differentiation within the segmental area 
is in accord with the findings in the paralyses. Monoplegias of cortical ori- 
gin are fairly common, but cortical paralyses of lesser extent are rare, and 
in experimental work recovery from them is exceedingly rapid. 

Such results can be harmonized with the view which implies a point for 
Point correspondence between the Betz cells and specific patterns of ven- 
tral horn cells only by assuming that scattered cells in all parts of a seg- 
mental area have duplicated anatomical relationships with spinal mech- 
anisms and that the variations found are due to variations in the threshold 
of these equivalent cells. The continuity of the pyramidal fibers to differ- 
ent levels of the cords seems to favor this view as far as the distinction 
between segmental areas and the variations in demarcation between these 
areas is concerned. But within the segmental area it is equally possible 
that the character of the response obtained at any given time is deter- 
mined by the total neural equilibrium, in the sense of Herrick (4, pp. 
327 f.). This view would abandon the conception of strict anatomical 
localization and consider every reaction the algebraic sum of the activities 
Of numberless cells. The present evidence does not permit of a choice 
between these hypotheses, but does seem to justify the conclusion that 
Within a segmental area the responses obtained on electrical stimulation 
are due to the temporary physiological condition and do not give evidence 
ora Corresponding structural differentiation. 


Summary 
A portion of the precentral gyrus of a rhesus monkey wee mapped by 
electrical stimulation in four tests extending over a period of eighteen 
ays, 
1. In each test, lasting about half an hour, the reactions were almost 
Constant, subject to slight deviations resulting from the order of stimula- 
tion, 
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2. In the different tests the general fields from which movements of 
the face, arm, and leg segments were elicited tended to remain constant 
although the borders of the fields were inconstant. 

3, Within the arm area, stimulation of the same point in different 
tests resulted in widely different movements and at different times the 
same movement was obtained from widely separated and shifting areas. 

4. The results suggest that within the segmental areas the various parts 
of the cortex may be equipotential for the production of all the movements 
of that area, and that the particular movements elicited in any test depend 
upon the temporary physiological organization of the area rather than 
upon any point-for-point correspondence between pyramidal and spinal 
cells. 

5. Fatigue of voluntary movements produced no significant effect upon 
the excitability of the precentral gyrus or upon the character of the 
movements elicited from it. 
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1. THE SURVIVAL OF THE MAZE HABIT 
AFTER CEREBELLAR INJURIES' 


The close anatomical relation of the cerebellum to the proprioceptive 
Systems and the importance of the latter for the maze habit suggest that, 
if the cerebellum is ever concerned in learning or retention, this function 
will be revealed by a study of the effects of cerebellar lesions upon the 
activities of animals in the maze. The supposed relations of the cerebel- 
lum to the vestibular reflex paths suggest further that the cerebellum may 
be involved, not only in postural adjustments to gravity, but also in the 
more remote orientation of the body in space, as in the maintenance of 
the sense of direction. Although the clinical literature on man lends little 
support either to the mnemonic or orienting function of the cerebellum, 
systematic observations on these points are not numerous, and it has 
Seemed worth while to test their possibility by an acute experiment with 
the maze, An immediate necessity for such tests arose also in work by 
the senior author on cerebral localization of the maze habit, in which the 
effects of possible slight lesions to the cerebellum could not be disre- 


garded. 


Methods 
Rats were trained in a rectangular maze, having eight culs de sac, for 
ve trials per day until ten consecutive errorless trials were obtained. 
After ten days without practice retention was tested by retraining until 
ten successive errorless trials were again obtained (preliminary retention 
tests), The cerebellum was then destroyed more or less completely by 
Cauterization through a small median trephine opening just back of the 
Parieto-oceipital suture. Ten days after operation, or longer, in case the 
animals were still unable to walk at the end of this time, retention was 
Again tested (postoperative retention tests) by the same method as before 
Operation. The data given on time and trials in learning and retention tests 
include the ten errorless trials. With the completion of these tests the ani- 
Bayehon Tone Br sl Sal Neprdced Dorothea han and Wilkins Co 
tom department of psychology, University of Minnesota. 
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mals were brought to necropsy and serial sagittal sections of the cere- 
bellum and brain stem were prepared with a general cell stain, From 
these, reconstructions of the lesions were made by the graphic method. 
Anatomy of the Cerebellum of the Rat 

Figure 11.1 shows a median sagittal section of the cerebellum. It is 
divided, according to Bradley’s embryological studies (1) into five chief 
lobes, lettered a to e in his descriptions. These are separated by the 
principal fissures I to IV. Of these, fissure II corresponds to the Sulcus 
primarius, III to Fissura secunda, and IV to the Sulcus uvulo-nodularis of 
Bolk. Lobes a and b correspond to Bolk’s Lobus anterior, the anterior 


Fig. 11.1. Median sagittal section of the cerebel- 
lum. Bradley’s nomenclature of lobes and fissures 
is indicated. 


half of c to his Lobus simplex. The caudal half of lobe c together with 
lobes d and e make up his Lobus medianus posterior. On the dorsal sur- 
face (Fig. 11.2) only the fissures II and III are visible. The vermis is not 
well marked off from the hemispheres, The ansiform and paramedian 
lobes may be distinguished as separated from it by slight longitudinal 
depressions. Flocculus and paraflocculus are distinguishable and there 
appears to be also a small pars petrosus. 

The dentate nuclei lie rather far laterad beneath the ansiform lobes. 
We have not attempted to distinguish the various roof nuclei, since all 
remained intact except in one case, in which all were destroyed. 
Graphic Methods 


For representation of the lesions the following method was devised. 
Sagittal sections at equal distances throughout the cerebellum were 
sketched under the camera lucida. All gyri were identified throughout 
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the series and the surface width of each was measured for each section. 
These dimensions were then plotted on coordinate paper from a curved 
base line drawn to represent the Sulcus primarius. Connecting the points 
so determined gave the diagram shown in Fig. 11.3. Since only sagittal 


sections were used the diagram is fo 


reshortened laterally and fails to 


represent the full area of the ansiform lobes. Flocculus and paraflocculus 


are not represented. Their condition 


protocols. 


In Fig. 11.3 the parts are lettere 
clature, for identification with the 


Fig. 11.2. In making the recon- 
structions of the lesions sagittal 
sections of the operated brains 
were compared with the camera 
sketches of the normal sections 
from which the diagram had been 
prepared, the gyri remaining in- 
tact identified and the lesions 
then blocked out on the diagrams. 
In addition to the diagram a cam- 
era sketch of a median sagittal 
Section of each operated brain 
Is given (Fig. 11.4). Comparison 
of these with Fig. 11.1 may serve 
to give a clearer notion of the 
extent of the injury. 


Fig. 11.2. Dorsal view of cerebellum. 


Sensory Controls 


Watson (4) has shown conclusively that 
gly, not e: 


forms of exterostimulation are, sin 
of the maze. It has not been shown, however, 


in the operated cases is stated in the 


d to correspond with Bradley's nomen- 
actual visual appearance shown in 


30133}u0 SNgo7 


Lobus simplex 


Ex $740 


Fig. 11.3. Diagram including ven- 
tral and dorsal surfaces of the cere- 
bellum. The lettering of fissures 
corresponds to that in Fig. 11.1. 


vision, olfaction, and other 
ssential to accurate running 
that, in case of disturbance 
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of the kinesthetic mechanism, they may not supply substitute cues for 
the normal interal ones. Without some control of exteroceptive stimuli the 
survival of the maze habit after cerebellar destruction cannot be inter- 
preted, since it might be due either to the normal failure of the cere- 
bellum to participate in the habit or to the use of other sensorimotor 
integrations when the cerebellar mechanisms are rendered nonfunctional. 
The maze employed in these experiments offered practically no possibility 
of differential tactile or olfactory cues which could guide the animal over 
the true path. Vision was ruled out in two animals (numbers 6 and 7) by 
enucleation of the eyes after training but before lesion to the cerebellum. 


(12) (25) oe (45) (65) 
SF 
I 


Fig. 11.4. Reconstructions of the lesions described in the protocols. The number- 
ing of the figures corresponds to the numbers assigned to the animals in the 
text. (a)®Camera outlines of median sagittal sections; (b) diagrams showing 
the total extent of lesions. 


Protocols 


Number 1. Adult Female. Inactive and very erratic during training, making 
frequent errorless trials after the fourteenth of practice but tending to reexplore 
the maze after brief periods of correct running. Her learning record was: Time, 
27,918 seconds. Errors, 139. Trials, 106. Preliminary retention tests were not 
given. 

After operation the only clear motor symptoms were tremor and spasticity of 
the hind legs, which cleared up completely within ten days. In the postoperative 
retention tests the animal showed the same erratic behavior as in initial learn- 
ing. The following is a record of the errors in the first trials of these tests: 


Tid 128 45 6 7 8 G 10 11 12 13 14 15 
Enos 110003000 0 8 1 0 9 9 
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This gives clear evidence of the animal’s retention of the habit as well as of her 
Previous reaction tendencies in the maze situation. 

Lesion. The extent of destruction is shown in [Figs. 11.4a and 11.4]. The 
lesion embraces the greater part of lobes B and C but leaves their lateral por- 
tions (Crus secundum, Bolk) intact. The dentate and roof nuclei are uninjured. 

Number 2. Adult Female. The initial learning record was: Time, 1,338 sec- 
onds. Errors, 81. Trials, 29. Preliminary retention tests gave the following 
records: Time, 169 seconds. Errors, 4. Trials, 11. 

After operation the animal showed slight action tremors and spastieity of the 
hind legs, which cleared up within six days. In postoperative retention tests she 
gave from the first clear evidence of retention of the habit, making an errorless 
record on the second trial and again on the fourth. The requirements for com- 
plete relearning were the following: Time, 657 seconds. Errors, 14. Trials, 19. 

Lesion. The extent of destruction is shown in Fig. 11.4, 2a and 2b. It is very 
similar to that in number 1, but extends into the dorsal margin of lobe D and 
leaves the greater part of the ansiform lobes intact. The flocculus, paraflocculus 
and cerebellar nuclei are uninjured. 

Number 3. Adult Female. She was very inactive and somewhat erratic during 
training. Her learning records were: Time, 11,132 seconds. Errors, 60. Trials, 61. 
Only one error was made in the first five trials of the preliminary retention tests 
but the record thereafter was irregular: Time, 434 seconds. Errors, 7. Trials, 19. 
After operation the animal showed gross tremors of the whole body, particu- 
larly marked in the hind limbs which were extended laterally and spastic. There 
Was a tendency to rotate to the left and frequent backward somersaulting. This 
Condition persisted for four or five days. After ten days there was great improve- 
ment; rapid progression in spite © mors and staggering gait. Retention 
tests gave the following results: Time, 1,403 seconds. Errors, 9. Trials, 15. 

ere is clear evidence of retention from the first, with some unsteadiness of 
Performance which marked the preliminary tests. 

Lesion. The extent of destruction is shown in Fig. 11.4, 3a and 3b. The 
dorsal half of lobe A together with lobes B and C are almost entirely destroyed. 

he anterior half of the ansiform lobes is involved. Both dentate nuclei are 
Partially destroyed. Flocculi and paraflocculi are intact. . i 

Number 4. Adult Female. The performance in initial learning was: Time, 
2,388 seconds. Errors, 33. Trials, 35. Preliminary retention tests gave errors in 
Only the first two trials: Time, 229 seconds. Errors, 7. Trials, 12. After opera- 
tion there was extreme contraction of the left hind leg and extension of the 
tight. In walking there was rotation to the left and frequent backward somer- 
Saulting. When picked up the animal clutched wildly at anything within reach 
and gave indications of vertigo. For the first four days she was force-fed, then 

egan to eat spontaneously but showed little improvement in motor symptoms. 

urty days after operation the motor symptoms were still pronounced. She 
walked as if drawing a heavy weight, with fore and hind legs extended forward 
and dragging her along in a series of lunges. At this time she was tested in m 
maze and made a perfect retention record: Time, 801 seconds. Errors, 0. 
Trials, 10, 


f gross tre 
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Lesion. The extent of destruction is shown in Fig. 11.4, 4a and 4b. Practically 
all of lobes A, B, and C, the flocculi and paraflocculi and both dentate nuclei 
are destroyed. Lobes D and E and the roof nuclei remain intact. 

Number 5. Adult Female. The training record follows: Time, 1,179 seconds. 
Errors, 43. Trials, 48. In preliminary retention tests the animal was erratic and 
slow, although giving clear evidence of retention: Time, 2,464 seconds. Errors, 
52. Trials, 48. For the first five days after operation the animal showed only a 
slight general tremor, then gave signs of collapse with stupor. This improved 
but the animal was unable to walk during the succeeding twenty days. On the 
twenty-fifth day after the operation she was able to progress slowly but still 
showed marked incoordination and tremor. Retraining was begun at this time. 
Thirteen days later additional symptoms developed involving rapid rolling to 
the left on any attempt to walk. Two days later this phase had passed and re- 
training was resumed. Training was completed three days later with 10 con- 
secutive errorless trials. The record for the postoperative tests was: Time, 
5,337 seconds. Errors, 97. Trials, 78. This gives no evidence of retention of 
the habit but clear proof of ability to reacquire it. 

Lesion. At necropsy the position of the cerebellum was found to be occupied 
by a large cyst. On the removal of this, no trace of the cerebellum could be 
discovered. The dorsal surface of the medulla was exposed, the medulla was 
much compressed and the peduncles were completely atrophied. 

The animal presents a case of normal orientation in the maze in the complete 
absence of the cerebellum. The apparent loss of the habit subsequent to opera- 
tion cannot be ascribed directly to the cerebellar destruction, for we have 
records of equal deterioration of the maze habit in animals in which infection 
was limited to the scalp. 

Number 6. Adult Male. Initial training in the maze required: Time, 2,846 
seconds. Errors, 30. Trials, 33. Preliminary retention tests required: Time, 340 
seconds. Errors, 7. Trials, 20, The eye balls were then enucleated, with retention 
tests two days later: Time, 107 seconds. Errors, 1. Trials, 11. The cerebellum 
was next partially destroyed. Recovery was rapid and at the end of ten days 
there remained only a slight action tremor. Retention was tested at this time 
and found to be perfect: Time, 188 seconds. Errors, 0. Trials, 10. 

Lesion. The extent of destruction is shown in Fig. 11.4, 6a and 6b. All of the 
dorsal convexity of lobes B and C is destroyed. The lesion extends deep into 
the substantia alba so that probably large areas in addition are rendered non- 
functional. The cerebellar nuclei seem intact. 

Number 7. Adult Male. Initial training gave the following record: Time, 560 
seconds. Errors, 12. Trials, 20. Preliminary retention tests: Time, 356 seconds. 
Errors, 5. Trials, 14. The eyes were enucleated with retention tests two days 
later: Time, 129 seconds. Errors, 0. Trials, 10. The cerebellum was then par- 
tially destroyed. Postoperative symptoms were slight and cleared up entirely in 
ten days. Postoperative tests showed perfect retention; Time, 182 seconds. 
Errors, 0. Trials, 10. 

Lesion. The extent of the injury is shown in Fig. 11.4, 7a and 7b. The lesion 
is very similar to that in number 6 but extends farther laterad in lobe B and 
invades the white matter to a lesser extent. Basal nuclei are intact, 
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Discussion 
i The records of the animals reported individually above are summarized 
in Table 11.1. Exclusive of number 5, which suffered from infection, the 
average constants for learning and retention before and after operation 
are: 

ee re ee ee 


Time, sec. Errors Trials 
Initial learning 7,697 59.2 47.3 
Preliminary retention tests 178 3.8 12.4 
Postoperative retention tests 608 6.3 16.5 


a 


The averages for the postoperative tests are not significantly higher 
than those of the preliminary tests. The fact that the animal with the 
Most extensive operative destruction (number 4) made no errors after 
operation indicates that the slight decrease in efficiency of the others in 
these tests was not due to any mnemonic disturbance directly resultant 
from cerebellar lesion, The averages of these cases and the record of 
number 5, with complete absence of the cerebellum, show that this 
Structure is not necessary for the learning or retention of the maze habit. 


Table 11.1. Summary of Training and Retention Tests for All Cases 
Described in the Text 


ee ee 


Preliminary Postoperative 
Learning retention tests retention tests 
ee 
Time, Time, Time, 
Number sec, Errors Trials sec, Errors Trials sec. Errors Trials 


417 15 35 

4 11 657 14 19 
7 19 1,403 9 15 
7 11 801 0 10 
2 48 5,337 97 78 
1 0 
0 


27,918 139 106 

1,338 81 29 169 
11,132 60 61 434 
2,388 33 35 229 
1,179 43 45 2,464 55 
2,846 30 33 107° a 11° 188 10 
560 12 20 i292 0%. 0? 182 10 
MO WM M Oo [200 


° 
After enucleation of eye balls. 


N1OoUAMOMNH 


The results with numbers 6 and 7, in which the cerebellar lesion was 
Preceded by enucleation of the eyes, together with the control of olfac- 
ton and differential tactile stimuli provided by the maze itself show that 
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after cerebellar lesions the animals did not fall back upon exteroceptive 
cues but continued to react on the basis either of kinesthetic stimuli, or of 
some centrally organized mechanism. Their behavior in the absence of 
the differential exteroceptive stimuli was not essentially different from 
that found by Watson with normal rats. 

In number 5 the entire cerebellum including the basal nuclei was absent 
when the animal was running the maze without error. This demonstrates 
beyond question that the cerebellum is not necessary for the acquisition 
of the maze habit. The case was complicated by infection, so that the loss 
of the habit following operation cannot be interpreted. In the other 
animals not all of the cerebellum was destroyed, yet there seems no reason 
to believe that the parts remaining intact are any more likely to contain 
mechanisms functional in orientation than are those destroyed. In number 
4, which showed perfect retention of the habit after operation, only lobes 
D and E (Lobus medianus posterior) escaped destruction. Van Rynberk 
(3) obtained no symptoms from destruction of this area alone and only 
an exaggeration of the symptoms following destruction of the Crura prima 
when the area was destroyed along with the latter. Such meager data on 
the function of the area are scarcely helpful for the present problem. 
But previous extirpation experiments indicate rather clearly that, although 
gross localization of function exists within the cerebellum, there is so 
great an overlapping and interdependence in the functions of its parts 
that the restriction of mnemonic or orienting functions to so small an area 
is virtually ruled out. Moreover, the parts remaining intact belong almost 
altogether to the primitive cerebellar system (2) in which there is the 
least likelihood of the localization of these more complex functions. 

In view of such considerations the conclusion seems justified that the 
cerebellum of the rat plays no significant part in the habit systems in- 
volved in maze running. 


Summary 


The cerebellum was severely injured in a number of animals previously 
trained in the maze. In both seeing and blind animals perfect retention 
of the maze habit was demonstrated after the operations. One animal 
with the cerebellum completely destroyed learned to run the maze with- 
out error. There is no evidence that the cerebellum plays any part in 
the performance of the maze habit. 
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le. SPINAL CONDUCTION AND 
KINESTHETIC SENSITIVITY 
IN THE MAZE HABIT’ 


The importance of kinesthetic and organic sensations has been much em- 
phasized in recent psychological speculation, both behavioristic and 
otherwise. Our most widely taught theory of the emotions is based upon 
a doctrine of sensory reverberations from visceral activity; the doctrine of 
“current control” of the speed and accuracy of movement still has many 
adherents, and the theory of implicit movements as the organic basis of 
thinking extends the same concepts to the psychology of thinking. In 
general, these developments represent a tendency, fostered by recent 
studies of nerve conduction, to seek the immediate completion of the 
conditioned-reflex circuit in motor activity and to substitute the concep- 
tion of chain reflexes for that of continued intraneural activity. 

Toward the development of this point of view the analysis of the 
sensory control of the maze habit has contributed no small part. Watson 
(28) successively and simultaneously eliminated all of the important dis- 
tance receptors of the rat without serious interference with the animal’s 
ability to learn and execute accurately the maze habit. This seemingly left 
kinesthetic and organic sensitivity as the sole remaining basis for the habit. 
As Watson pointed out, these first studies, by the method of sensory 
elimination, gave only negative evidence without indication of the nature 
of the intraorganic processes which control the maze running. 

In their study of behavior in a maze with alleys adjustable in length, 
Carr and Watson (3) obtained further evidence that the movement series 
is internally conditioned and that after distraction the animal regained 
orientation from the kinesthetic pattern aroused by running some segment 
of the maze. They then clearly enunciated the theory that “the ‘movement 
to come’ is released at the proper time by the afferent (kinesthetic) im- 
pulses aroused by the movement which has just been made,” and this 


1 xprrors’ NOTE: K. S. Lashley and Josephine Ball, authors. From J. comp. Psychol., 
1929, 9, 71-105. Reproduced by permission of the Williams and Wilkins Co. From the 
Institute for Juvenile Research, Chicago. 
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interpretation has been followed in almost all succeeding discussions of 
the maze habit. One of the most definite recent statements of this chain- 
reflex hypothesis is that of Washburn. “When one is playing a piece 
of music for the first or second time, each movement has to have the 
stimulus of the notes on the page; when a piece has been long practiced, 
xt one ‘automatically.’ This really means 
that, as one movement is performed, the sensory processes occasioned by 
the contraction of the muscles involved excite the motor paths for the 
next movement. The stimulus for one movement is the kinesthetic excita- 
tions received from the preceding movement.” 
Vincent’s later work (27) showed the occasi 
olfactory and tactile cues, but did not question 
from Watson's studies. 
We were first led to doubt the validity of this interpretation of the 
maze habit by observations on the maze running of rats after cerebellar 
injuries (13). Marked changes in the motor pattern were Sven to have 
no effect upon accuracy of orientation in the maze, even in blind animals 
under conditions where other than supposedly kinesthetic cues seemed to 
be eliminated. This raised the question as to whether the habit is con- 
trolled by kinesthetic sensitivity or by some wholly intraneural mechanism, 
once orientation has been obtained. Are automatized sequences of move- 
ment the result of a mechanism by which each movement arouses sensory 
Cues to initiate the next, or of some mechanism in which a central organi- 
zation, once aroused, discharges successive motor impulses constituting 
the series, with comparative independence of the sensory consequences 


each movement sets up the ne: 


onal importance of visual, 
the essential conclusions 


of the movements? A g 

The experiments with lesions to the cerebellum are inconclusive because 
we know neither the important components of the movement system nor 
the afferent impulses which may be essential to the habit. Perhaps the 
only crucial experiment for the question would be one with animals having 


section of all the somatic sensory fibers. This seems technically impossible 
and the question may therefore be one which can be answered only in 


terms of relative probabilities deduced from indirect evidence. Loss of 
P struction of kinesthetic sensitivity 


mt y to run the maze after artial de: 
mig] part à s 
5 3 es i hain-reflex theor y. Survival of the habit after 
erve to establish the c: E ý ti 


even severe di kinesthetic sens! 
e disturbance of kines caer 4 ceed 
Preted as due to failure to eliminate the significant afferent impulses. 


Nevertheless. the probability of the chain-reflex hypothesis is reduced in 
Proportion im the extent of anesthesia and the absence of effects of 
anesthesia w i f the habit. 
on the performance © ae AR 

With fhe mE bak it seemed to us that some significant data might 
still be obtained by a study of the effects of the extensive destruction of 
© spinal afferent tacts upon the accuracy of maze running. We have, 
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therefore, carried out a series of experiments in which animals trained in 
the maze were subjected to spinal lesions and subsequently tested for 
retention of the habit. The senior author alone is responsible for the 
surgical and histological part of the work. The training and tests of per- 
formance have been carried out by both of us independently on different 
sets of animals, with essentially similar results. 


METHODS 

Training. The animals were trained with food as incentive and five trials per 
day in a maze with 8 culs de sac (Fig. 12.1) until 10 consecutive runs without 
error were made. This maze had been constructed to record errors automatically 
so that animals could be tested in it in total darkness. The recording plat- 
forms were arranged symmetrically on each side of the openings from alley to 
alley so that they gave no directive tactile cues. Two groups of rats were trained 
with somewhat different subsequent procedures. The first consisted of young 


Stort 


Fig. 12.1. Ground-plan of maze. Start, starting compart- 
ment; food, food compartment. The broken lines represent 
swinging doors serving to prevent back-tracking from the 
maze and food compartments. 


rats purchased from a local dealer. They were rested for seven days after 
training, were then retrained until 10 consecutive errorless trials were obtained 
( preliminary retention tests) and subjected to operation. Seven days after opera- 
tion they were again retrained to 10 successive errorless trials (postoperative 
retention tests). During all the work with them these animals were very un- 
stable, easily distracted during the period in the maze and rarely eager for 
food. They are numbers 1, 2, 3, and 6 of the protocols. Their records were 
difficult to interpret because of their erratic behavior, so the experiment was 
repeated with another group. 

These were older animals, reared in the laboratory. They were given 50 trials 
of overtraining after reaching the criterion of 10 errorless trials. They were then 
rested for ten days, given preliminary retention tests, and also ten trials with 
the maze in darkness. (This was accomplished by covering the maze with black 
cloth and several layers of heavy paper. Observation through a peephole failed 
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to reveal light leakage after thirty seconds adaptation for our eyes.) The animals 
were then operated upon and from six to ten days later, depending upon the 
rate of recovery, were given postoperative retention tests. 

Surgical. Under ether anesthesia the third cervical neural arch was removed 
and the cord exposed by a transverse incision of the dura. The point of a thin- 
bladed iridectomy knife was passed through the cord at the depth to which we 


(50) (55) 


(20) (2b) 


Fig. 12,2, (a) Composite diagram 
trapezoid body after section of the 1 
ing degeneration after section of the dors 


tion after section of both lateral funiculi. rape? 
Cuneatus; f.g., fasciculus gracilis; m. median longitudinal bundle; n.c.v., nucleus 
.g. fa s gri ; S 


of fifth nerve; p., cortico-spinal tract; T.S., rubro-spinal tract; s. d., dorsal spino- 
cerebellar tract; s.c.v., ventral spino-cerebellar tract; s.q., spino-quadrigeminal 
. i (5) Cases with lesions in the dorsal 


System (?); s.c., Schultze’s comma. (1) to 

uniculus. The numbered figures marked (a) represent sections through the 
Esel of masima extent of the lesion (third cervical); numbered figures 
marked (b), sections at about the first cervical level. The numbers correspond 
to the numbers of the animals in the text. The stippling represents degenerated 
"Ders, solid black unabsorbed clots. 


showing degeneration at the level of the 
ateral and ventral funiculi; (b) descend- 
al funiculus; (c) descending degenera- 
c.t., trapezoid body; f.c., fasciculus 


and the overlying fibers then cut through with 
the edge. This ensured that all fibers peripheral to the line of penetration of the 
‘nife were cut and not merely pushed aside. The injuries involved either section 
OF the dorsal funiculus, section of both lateral funiculi, or section of the ventral 
uniculus. The last injury involved lifting the cord from the canal with conse- 
quent compression and shock and only one animal, and that with a partial 
€sion, survived. After the injury to the cord the muscles and skin were united 
above the cord by interrupted sutures and the wound dressed with collodion. 


wis 
vished the lesion to penetrate 
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Histological. At necropsy the brain and the cord were removed and prepared 
in serial sections by the Marchi method. For most cases complete serial sections 
were preserved from below the level of the lesions to the superior colliculi. The 
figures [numbered 12.2 and 12.3] are made from camera outlines, Solid lines 
are used to represent general regions and contours; stippling in all cases repre- 
sents degenerated fibers; solid black areas represent unabsorbed clots. For the 
[figures] one section was sketched at the level of maximum injury (a) and 
one (b) at a sufficiently higher level to avoid the degeneration of the shorter 
ground bundles and present only tracts which could be traced into the medulla. 


Fig. 12.3. (6) to (11) Sections from cases bearing corresponding numbers in 
the text; (a) level of a maximum lesion; (b) first cervical level or level of 
decussation of the pyramids. 


There are few data available on the spinal tracts of the rat so we have 
been compelled to work out their position as well as possible from our 
material. A certain fallacy may arise here since our knowledge of the 
tracts is limited to what we have destroyed and our estimates of the 
character of the lesions are based upon that knowledge. However, the le- 
sions cover every part of the cord except the median ventral columns 
so we may be sure that in one or another animal we have severed every 
organized tract in the cord and that the demonstration of the tracts is 
limited only by the level of the lesions and the defects of the Marchi 
technique as a method for the rat. 


THE SPINAL TRACTS OF THE RAT 


The conduction paths of the spinal cord of the rat have not been de- 
scribed in detail. Interest has centered chiefly in the pyramidal tracts 
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because of their deviation from the usual lateral position. They have been 
described and figured by Lenhossek (14), Bechterew (1), Goldstein (4), 
Van Der Vloet (26), King (8), Ranson (21), and Linowecki (15): 
Ranson (22) has described the position of Clarke’s column and the tract 
of Lissauer. The rubro-spinal tract has been traced by Held (6) and 
by Papez (19), but briefly and without figures so that its exact position 
in the cord is not clear. We have not found descriptions of other tracts. 
The series of cases studied in the present experiment has involved the 
interruption of all the tracts of the cord in one or another animal and we 
have been able to trace these in so far as they are revealed by the Marchi 
technique. The pyramidal tract does not stain readily by the Marchi 
method, as Ranson and others have pointed out, because of the thinness 
of its medullation. The same seems true of other long descending tracts, 
for in only a few of our specimens have we been able to trace degenera- 
tion below the lesion. In contrast, many ascending tracts show clearly, 


with defined limits. 


Descending Tracts 


Cortico-spinal. The descending fibers from - 
Ventral position in the dorsal funiculus [Fig. 12.2c]. Decussation of the pyram- 


idal tracts to this position seems to be complete and Ranson (21, 22) reported 
no other descending degeneration after hemidecerebration. 
Rubro-spinal. This has been described in a preliminary note by Papez (19). 
© does not figure it and states its position in the cord only as corresponding 
to that in other mammals. We find a large clearly limited bundle ventro-lateral 
to the dorsal horns [Fig. 12.2b and c] which is probably the rubro-spinal tract. 
Schultz’; Comma. After section of the dorsal funiculus the comma appears 
as 3 small, well-defined descending bundle en between the fasciculus gracilis 
and fascicı ach side [Fig. 12.2b]. 7 
No merie ot tracts are visible in our preparations. 
ter lesions to the lateral and ventral funiculi many degenerated fibers may be 
traced caudad in these regions, but they appear rather uniformly scattered and 


as > > F , cervical cord it is im ossible 
Our preparations do not include lesions above the p 


to distinguish the source of the various scattered fibers. 


the cortex occupy the median 
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Fasci aa ion of the dor 
iculus Gracilis. In degenerati plete termination in 


a clearly defined bundle which can be traced to its com 
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Fasciculus ae This bundle lies lateral to the fasciculus gracilis [Fig. 
2.2, 4b]. It gives off fibers to the gray matter ee its length and re- 
ents additi i EP oots [Fig. 12.3, 6b]. 
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nensive zone i “on. of the cord [Fig. 12.3, 8 a i 
tro-lateral region ! : 

Taced nen al ae ascending fibers are seen to mE up a 
OUT principal groups [Fig. 12.2a]. It has not been possible to determine wi 


as 


170 THE NEUROPSYCHOLOGY OF LASHLEY 


certainty the origin of these bundles in the cord, but their most probable posi- 
tions in the cervical cord, judged by tracing downward from the medulla, are 
indicated below. 

Fasciculus Spino-cerebellaris Dorsalis. The fibers lying in the more dorsal 
portions of the lateral funiculus may be traced forward to the medulla where 
they are separated from the remainder of the degenerated mass to pass laterad 
to the posterior cerebellar peduncles [Fig. 12.2a, s.c.d.]. 

Fasciculus Spino-cerebellaris Ventralis. The more central fibers of the lateral 
funiculus may be distinguished in the medulla as a broad band of fibers which 
ultimately turn laterad to reach the anterior cerebellar peduncle [Fig. 12.2a, 
s.c.v.]. 

Spino-quadrigeminal System (?). After destruction of the lateral funiculus a 
large number of degenerated fibers appear scattered in the ventral region of 
the reticulated substance of the medulla [Fig. 12.2a, s.q.]. Traced forward 
they ascend and are lost, in our material, in the region of the inferior colliculi. 
Traced caudad, they could be followed to the most ventral portions of the 
lateral funiculus and to scattered fibers of the ventral funiculus. 

Fibers to the Median Longitudinal Bundle. After lesions to the ventral 
portion of the lateral funiculus or to the ventral funiculus a few degenerated 
fibers appeared in the fasciculus longitudinalis medialis of the medulla [Fig. 
12.2a]. These could not be traced to their termination because of defective 
fixation of our material. They seemed to be derived chiefly from the scattered 
fibers of the ventral funiculus. Some of the fibers of this and the preceding 
systems may reach the thalamus, 


In our preparations, which included section of every part of the cord, 
no other definite degenerated tracts could be detected. There is no assur- 
ance that other important ascending tracts may not have remained un- 
stained owing to conditions of medullation similar to that of the pyramidal 
tract. This is, however, of little importance for our experiments since, 
whether stained or not, there is no question but that they were cut in 
some of our animals, 

In general, the tracts of the rat’s cord present no fundamental differ- 
ences from those of higher mammals, to which we can ascribe the results 
obtained in our studies of behavior, The ascending tracts of the dorsal 
funiculus and the spino-cerebellar tracts are large and sharply defined. 
The pyramidal tract is restricted to a definite area and this seems true also 
of the rubro-spinal. On anatomical grounds there seems no more reason 
to predict a diffuseness of function in the cord of the rat than in that of 
the monkey or man. 

The path of the proprioceptive impulses is perhaps not yet certainly 
established, but the weight of evidence from clinical material indicates 
that sensitivity to movements and bodily posture is disturbed only by 
lesions within the posterior columns. Head (5) states that “. . . the 
impulses associated with passive position and movement and with tactile 
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discrimination do not, within the limits of the spinal cord, reach the point 
where they are recombined, but continue uncrossed to pass along the 
fibers of primary afferent systems in the posterior columns. It is not until 
they reach the posterior column nuclei (nucleus gracilis and nucleus 
cuneatus) that they pass from a primary to a secondary sensory system” 
(5, p. 401), and again, “We therefore find, that the only definite conse- 
quence of destruction of the posterior columns is to produce loss of tactile 
discrimination (compass test) and of the sense of passive position and 
movement on the same side as the lesion” (5, p. 402). 


GENERAL EFFECTS OF LESIONS 


For each of the regions of the cord involved in the experimental de- 
structions the animals showed definite syndromes. The picture after sec- 
tion of the dorsal funiculi seemed primarily one of reduced sensitivity to 
bodily position. In walking the animals had a sprawling gait, with feet 
rather widespread. They tended to walk on the dorsal surface of the fore- 
feet, less frequently of the hind feet. There was occasional incoordination, 
especially a lack of synchronization of the fore and hind legs. In rapid 
walking or running, the hind legs tended to drag in recovery from the 
backward step, and in turning to one side the opposite foreleg was often 
dragged stifly behind. In running rapidly in the maze all legs were 
recovered too slowly from the backward step so that the animals seemed 
to run ahead of their feet and fall forward. When tested at the edge of a 
table with one leg unsupported this leg was often allowed to hang flaccid 
until movements of progression were initiated (a condition noted in many 
animals after section of the dorsal roots of a limb). When the animals 
Were placed on a board which was tipped at various angles their posture 
m maintaining balance seemed practically normal. Only crude tests for 
cutaneous sensitivity could be used. They gave no indication of abnor- 
mality, but were unreliable for any but the grossest changes. 

Section of the lateral funiculi gave a picture suggestive of cerebellar 
ataxia, The gait was staggering with exaggerated balancing movements 
Of the tail. The animals frequently fell to one side, especially in making 
the turns of the maze. Tested at the edge of the table, the unsupporting 
imbs were recovered as promptly as by a normal animal. On a tipping 
oard adjustments to change of position were sometimes slow or defective, 

ut often normal in all animals. There were suggestions of disturbances 
of Cutaneous sensitivity, a slight analgesia and a tendency to bite at the 
orefeet during the first few days after operation. 

n one case with lesion in the ventral funiculus the behavior was almost 
Normal, with perhaps a slight hyperextension of the legs for the first few 


ays after operation. 
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PROTOCOLS 


Destruction of Fasciculi Gracilis and Cuneatus and of the 
Pyramidal Tract 


Number 1. Young Male. Somewhat unstable during training. Training rec- 
ord: Time, 1,463 seconds; errors, 67; trials, 45, Preliminary retention tests: 
Trials, 10; time, 53 seconds; errors, 0. 

Dorsal funiculus sectioned at third cervical segment. On the following days 
there was some incoordination in walking, with a tendency to walk on the 
dorsum of the forefeet. The hind limbs were dragged occasionally in walking 
and in turning toward either side the foreleg of the other side was dragged. 
There seemed to be some analgesia. Retention was tested ten days after opera- 
tion. The record for fifteen trials was the following: 


Time Errors Time Errors 
18 0 8 0 
34 0 10 0 
83 3 10 0 
92 3 22 1 
43 0 10 0 

9 0 9 0 
7 0 8 0 
6 0 


Locomotion was slowed considerably in the maze, owing largely to the 
motor incoordination, but the first two trials were made without error and the 
total record gave clear evidence that the maze pattern was retained. 

Lesion. Section through the site of injury showed that practically all the cord 
above the level of the central canal had been destroyed [Fig. 12.2, la]. The 
f. gracilis, cuneatus, and the pyramidal tract together with the dorsal horns 
of the gray matter were destroyed. Section at the level of the first cervical 
segment showed complete degeneration of the f. gracilis and cuneatus except 
for the lateral areas representing the fibers of the first and second cervical 
nerves [Fig. 12.2, 15]. Scattered degenerate fibers in the lateral and ventral 


funiculi probably originate from injury to the third pair of nerves and to the 
dorsal horns of the gray matter. 


KINESTHESIS AND MAZE HABITS 173 


Time Errors 
330 8 
360 8 
142 4 

63 1 


He was not fed after these tests and on the next day made the following record: 


Time Errors Time Errors 
21 0 17 0 
10 0 15 0 
17 0 15 0 
27 0 9 0 
13 0 6 0 
14 0 


The record does not show perfect retention but is far better than that for 
initial learning. In view of his earlier records, we are justified in concluding 
that this case does not give conclusive evidence for loss of the habit after 
Spinal lesion, 
„sion. Section at the third cervical segment [Fig. 12.2, 2a] shows destruc- 
tion of the greater part of the cord above the level of the central canal. The 
£. Sracilis, cuneatus, and practically all of the pyramidal tract were interrupted. 
A Section below the first cervical roots [Fig. 12.2, 2b] shows complete degenera- 
tion of the f, gracilis and cuneatus, except for the portions supplied by the 
Second cervical nerve, and extensive degeneration in the right spino-cerebellar 
tracts Corresponding to the degeneration in the right lateral funiculus, shown 
at the level of injury. 

umber 3, Young Male. Behavior normal during initial training. Training 
record: Time, 1,669 seconds; errors, 97; trials, 20. No preliminary retention 
tests were given. 

The dorsal funiculus was sectioned deeply. On the following days there was 
marked incoordination in walking. The forefeet were usually flexed with the 
dorsum on the ground. Hind feet were frequently dragged in walking and were 
not drawn up when placed over the edge of a support. When making coordi- 
hated steps the feet were widespread, so that the belly touched the ground. 

here was probably some positive disturbance of sensitivity as on the eighth 
day he amputated his left forepaw. Retention was tested fourteen days after 
Operation, On the first day he would not eat in the maze and his behavior was 
erratic, The record for the first day was the following: 


Time Errors 
24 2 
46 4 
38 2 

20 


689 a 
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He was not fed on the next day made the following record: 


Time Errors Time Errors 
17 0 27 0 
60 0 26 4 
14 2 9 0 

7 0 8 0 
8 ab 7 0 
1 1 8 0 
8 0 12 1 


The behavior on the first day did not resemble that of an untrained animal and 
there was indifference to food. On the following day, when the incentive to 
run was increased, errorless trials were obtained from the first. Like the record 
of number 2, this is somewhat ambiguous. It indicates some retention, but is 
impossible to interpret. 

Lesion. At the third cervical level the position of the lesion was clearly 
marked by scar tissue and clots [Fig. 12.2, 3a]. It involved all of the dorsal 
funiculus, the greater part of the gray matter on the right, and the dorsal third 
of the lateral funiculus, including the rubro-spinal tract. At the second cervical 
segment [Fig. 12.2, 3b] there was complete degeneration of the f. gracilis and 
cuneatus and considerable degeneration in both the lateral columns. 

Number 4. Large Adult Male. Given 50 trials overtraining. Training record: 
Time, 1,676 seconds; errors, 49; trials, 29. Overtraining: Time, 279 seconds; er- 
rors, 1; trials, 50. Preliminary retention tests: Time, 106 seconds; errors, 3; 
trials, 16. 

The dorsal funiculus was deeply incised at the third cervical segment. On the 
following days he walked with a sprawling gait falling occasionally in making 
turns and frequently stepping on the dorsum of the feet. Retention was tested 
five days after operation. The record was the following: 


Time Errors Time Errors 
7 0 6 0 
6 0 8 0 
12 0 6 0 
7 0 8 0 
5 0 8 0 


The record shows perfect retention and a speed in traversing the maze only 
slightly inferior to the preoperative record. The maze was covered and per- 
formance tested in darkness. The record was the following: 


Time Errors Time 


Errors 
28 2 7 0 
22 0 7 0 
8 0 8 0 
8 0 6 0 
10 0 8 0 
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After the exploration of the covered top of the maze in the first trial no further 
errors were made when moving in total darkness. 

Lesion. Section at the third cervical level showed complete interruption of 
the dorsal funiculus, destruction of the posterior horns and a considerable 
amount of degeneration in the right lateral funiculus [Fig. 12.2, 4a]. Section 
above the first cervical level [Fig. 12.2, 4b] showed complete degeneration of 
the f. gracilis and cuneatus with considerable degeneration in the region of 
the dorsal spino-cerebellar tract. i 


; These four cases all show complete interruption of the fasciculus gra- 
cilis, fasciculus cuneatus and pyramidal tracts, with more or less degenera- 
tion in the regions of the rubro-spinal tracts and of the dorsal spino- 
cerebellar bundles, Two cases, numbers 2 and 3, showed somewhat erratic 
behavior in preoperative tests and similar behavior after operation so that 
their records are not clear cut. They do, however, show some indication 
of retention, The other two, with equally extensive destruction give un- 
equivocal evidence for perfect retention of the maze habit. Destruction of 
the dorsal funiculus did not in the least affect their ability to make 


the correct turns of the maze. 


Destruction of Fasciculus Gracilis and Fasciculus Cuneatus without 


Extensive Injury to the Pyramidal Tracts 

Number 5. Large Male. More than usually stable. Initial training: Time, 957 
seconds; errors, 32; trials, 14. Preliminary retention tests: Time, 35 seconds; 
errors, 0; trials, 10. Overtraining: Time, 182 seconds; errors, 1; trials, 50. 

Ten trials with the maze darkened were given before operation. 


Time Errors Time Errors 
25 2 4 0 
18 3 7 0 

5 0 6 0 
4 0 5 0 
4 0 4 0 


ectioned at the third cervical segment. For the first 
Je to the right in walking. This condition 
] picture of reduced sensitivity to posture. 
r operation, with the following record. 


The dorsal funiculus was s 
few days the animal tended to circ 
cleared up quickly, leaving the usua 
Retention was tested eight days afte 


Time Errors Time Errors 
8 0 13 9 
5 0 4 0 
16 0 8 N 
10 0 6 o 
7 0 12 0 
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On the following day, with the maze darkened, he made the following record: 


Time Errors Time Errors 
38 2 8 0 
36 2 kd 0 
10 0 6 0 

8 0 6 0 
18 1 12 0 


The postoperative tests show some slowing in locomotion but no loss of ability 
to traverse the maze correctly. With vision eliminated the record was as good 
as that made under similar conditions before the spinal lesion. 

Lesion. Section above the third cervical level showed complete destruction of 
the f. gracilis and f. cuneatus with little if any involvement of the pyramidal 
tracts [Fig. 12.2, 5a]. Section at the first cervical level showed degeneration 
restricted almost entirely to the two ascending fasciculi [Fig. 12.2, 5b]. 

Number 6. Young Male. Very unstable throughout the experiment. Initial 
training: Time, 710 seconds; errors, 53; trials, 50. Preliminary retention tests 
were not given. 

The dorsal funiculus was transected at the third cervical segment. On the 
following days little abnormality of behavior was noted beyond a tendency to 
walk on the dorsum of the paws and drag them slightly, Retention was tested 
seven days after operation, with the following record, måde in three consecutive 
days: 


Time Errors Time Errors Time Errors 
322 12 23 2 8 0 
201 11 15 0 13 2 

80 3 15 0 12 0 
33 1 10 0 7 0 
34 1 8 0 11: 1 
16 1 8 0 8 0 

9 0 11 1 5 0 
12 1 11 0 5 0 

T 0 22 2 6 0 
15 2 92 6 5 0 


This record is not significantly better th 


an the initial training record. The be- 
havior during retention tests w 


as characterized throughout by prolonged 
periods of quiescence in the starting compartment and by failure to eat after 
the food had been reached. 


Lesion. There was active infection of the wound, inflamm: 
with necrosis of the dorsal horns at the third cervical leve 
Section at a higher level showed extensive degeneration of 
cuneatus with some degenerated fibers in the spino-cereb 
on the left [Fig. 12.3, 6b]. 


ation of the cord 
1 [Fig. 12.3, 6a]. 
the f. gracilis and 
ellar tracts, chiefly 


Of these two cases the first alone can be considered. The infection rules 


out the negative evidence of the second and leaves only as significant the 
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fact that, in spite of the infection and destruction of tissue, he was able 
ultimately to traverse the maze without error. Number [5], with greater 
actual destruction, showed perfect retention of the maze habit and ability 
to traverse the maze in darkness as well after as before the spinal injury. 


Partial Destruction of the Dorsal and of One Lateral Funiculus 
Number 7. Large Male. About 200 days old. Initial training: Time, 1,077 
seconds; errors, 38; trials, 21. Overtraining: Time, 247 seconds; errors, 0; 
trials, 50. Preliminary retention tests: Time, 41 seconds; errors, 0; trials, 10. 
Preliminary tests with the maze darkened gave the following: 


Time Errors Time Errors 
85 5 7 1 
8 1 4 0 
5 0 4 0 
5 0 5 0 
7 1 5 0 


vide the dorsal funiculus, but the knife was driven 
rd. General behavior after operation was not 
animals with only the dorsal funiculus cut, 
atum were made rather slowly and 
vith the following 


An attempt was made to di 
deeply into the left side of the co 
markedly different from that of 
except that adjustments to tipping the substr: 
inaccurately, Retention was tested six days after operation w 
record, 


Time Errors Time Errors 
11 0 10 0 
22 1 10 0 
11 0 7 0 
12 0 8 0 
10 0 8 0 

Tests with the maze darkened gave the following record: 

Time Errors Time Errors 
35 0 33 0 
25 0 14 0 
38 0 27 0 
55 0 48 0 
22 0 30 0 


s due to the fact that the animal was dis- 


The prolonged time in these tests i 
d repeatedly stopped during every trial to 


turbed by the cover of the maze an 


push against it with his nose. i 
Lesion. The cut extended diagonally from the outer margin of the right 


f. cuneatus through the left dorsal horn to the lower margin of the left spino- 
cerebellar tract, ‘interrupting all the fibers above this line [Fig. 12.3, 7a]. 
Section at a higher level shows almost complete degeneration of the f. gracilis 
and cuneatus of both sides, degeneration of the left spino-cerebellar tracts and 
many degenerate fibers in the region of the spino-tectile bundles [Fig. 12.3, 7b]. 
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This case, with nearly complete section of the f. gracilis and cuneatus 
and interruption of the spino-cerebellar tracts of one side gave clear evi- 
dence of ability to run the maze even in darkness. 


Section of the Lateral Funiculi 
Number 8. Large Male. About 200 days old. Initial learning: Time, 5,861 
seconds; errors, 83; trials, 20. Overtraining: Time, 431 seconds; errors, 0; 
trials, 50. Preliminary retention tests: Time, 55 seconds; errors, 0; trials, 10. 
Preliminary tests with the maze darkened gave the following results: 


Time Errors Time Errors 
125 9 7 0 
16 1 5 0 
15 1 3 0 
8 0 4 0 
10 0 3 0 


The lateral funiculus was divided on each side at the level of the third cervical 
segment, On the following days he showed tremor and hyperextension of the 
legs, staggering gait with a tendency to fall to the side, especially in turning, 
and constant balancing movements of the tail. There was some difficulty in 
adapting to inclination of the substratum. Retention was tested ten days after 
operation with the following record: 


Time Errors Time Errors 
10 0 10 0 
11 0 12 0 

8 0 11 0 
11 0 8 0 
11 0 7 0 


With the maze darkened, the record was the following: 


Time Errors Time Errors 
115 4 22 0 
46 1 18 0 
15 0 20 0 
15 0 100 2 
18 1 13 0 


The record is somewhat inferior to the preoperative one, but gives conclusive 
evidence of ability to traverse the maze in darkness. 

Lesion. At the third cervical level the lesions of the two sides were separated 
longitudinally by about one millimeter, that on the right being the more ceph- 
alad [Fig. 12.3, 8]. On the left the knife had passed through the fasciculus 
cuneatus and diagonally downward to interrupt the entire lateral funiculus, in- 
volving the dorsal horn of the gray matter as well. On the right the lesion 
extended vertically from the lateral margin of the fasciculus cuneatus through 
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Pr ae and ventral horns and involved the entire lateral funiculus [Fig. 
Number 9. Large Male. About 200 days old. Initial training: Time, 1,297 

seconds; errors, 57; trials, 18. Overtraining: Time, 338 seconds; errors, 0; trials, 

50. Preliminary retention tests: Time, 47 seconds; errors, 0; trials, 10. 
Preliminary tests with the maze darkened gave the following record: 


Time Errors Time Errors 
175 11 5 0 
6 0 4 0 
5 0 5 0 
5 0 5 0 
5 0 5 0 


The lateral funiculi of both sides were cut at the third cervical level. The 
subsequent behavior of the animal was much like that of number 8, but with a 
indication of analgesia. In retention tests he fell almost 


ess steady gait and some 
aze. Retention tests were given six days 


every time in making a turn in the m 
after operation, with the following record: 


Time Errors Time Errors 
34 Z 8 0 
10 0 9 0 

8 0 10 0 
10 0 9 0 
8 0 9 0 
Tests with the maze darkened gave the following: 

Time Errors Time Errors 
37 2 9 0 
27 1 24 a 
13 0 11 0 
12 0 9 0 

9 0 10 0 


Lesion. Section at the level of the injury showed total destruction of both 
ateral funiculi with little or no injury to the dorsal or ventral funiculi. Section 
at the first cervical roots showed degeneration of the spino-cerebellar tracts of 
both sides and ascending degeneration of fibers from the third dorsal root in the 
right f, cuneatus. [Fig. 12.3, 9a and 9b]. 

Number 10. Male. About 200 days old. Initial training: Time, 2,022 seconds; 
errors, 80; trials, 45. Overtraining: Time, 322 seconds; errors, 3; trials, 50. 
Preliminary retention tests: Time, 85 seconds; errors, 1; trials, 14. 

The lateral funiculus of each side was divided at the third cervical segment. 
On the following days he showed hyperextension of the legs, staggering gait 
with tendency to fall to the side, constant balancing movements of the tail and 


Some tremor of the legs. 
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Retention was tested five days after operation with the following record: 


Time Errors Time Errors 
14 0 8 0 
12 0 10 0 
45 2 29 0 
12 0 10 0 

9 0 8 0 


Tests with the maze darkened gave the following: 


Time Errors Time Errors 
56 1 18 0 
82 2 11 0 
29 0 17 0 
52 1 10 0 
20 0 10 0 


In these tests the additional time was consumed in pushing at the cover of the 
maze. 


Lesion. Section at the third cervical level showed lesions restricted to the 
dorsal halves of the lateral funiculi without invasion of the gray matter [Fig. 
12.3, 10a]. At the first cervical level there was partial degeneration of the 
dorsal spino-cerebellar tract of each side with no other involvement. 


These three cases, involving interruption of all the paths of the lateral 
funiculi and considerable motor disturbance, resembling a cerebellar 
ataxia, showed perfect retention of the maze habit with ability to traverse 
the maze in the absence of visual cues. 


Injury to the Ventral Funiculus 


Number 11. Large Male. About 200 days old. Initial training: Time, 2,491 
seconds; errors, 71; trials, 23. Overtaining: Time, 647 seconds; errors, 7; trials, 
50. Preliminary retention tests: Time, 83 seconds; errors, 1; tials; 11. 

Preliminary tests with the maze darkened gave the following: 


Time Errors Time Errors 
86 8 16 1 
18 1 6 0 
11 1 15 1 
10 0 7 0 

8 0 6 1 


The cord was exposed, raised, and the knife passed through the ventral 
columns. Following the operation there was little disturbance of behavior 
beyond a slight tendency to drag the hind feet in walking. Retention tests were 
given six days after operation: 
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Time Errors Time Errors 
9 0 13 0 
15 0 25 0 
15 0 14 0 
13 0 12 0 
10 0 11 0 
58 1 


Tests with the maze darkened gave the following: 


Time Errors Time Errors 
54 4 28 0 
17 0 18 0 
20 0 13 0 
15 0 35 1 
14 0 28 0 


Lesion. In dividing the cord for fixation the segment containing the lesion 
Was destroyed. A section immediately above the lesion shows extensive degener- 
ation throughout the ventro-lateral column of the left side with little involve- 
ment of the right. It seems certain that the knife passed diagonally downward 
to destroy all of the funiculus below the ventral horn on the left side, without 
Serious injury to the right [Fig. 12.3, lla]. Ascending the cord the degenerated 


fibers disappear rapidly into the gray matter so that only a few are left at the 
level of the decussation of the pyramids [Fig. 12.3, 115]. These lie chiefly in 


the ventral spino-cerebellar bundle and in the spino-tectile bundles. 
This case, with extensive destruction in the ventral funiculus, showed 
quite undisturbed ability to traverse the maze. 


RESULTS OF THE EXPERIMENTS 
The records of the animals in the various tests are summarized in Table 


12.1. The animals of the first group tested are marked with a dagger. 


Their records in postoperative retention tests are much worse than those 


of the others, This is unquestionably due largely to the fact that they were 
not rendered sufficiently hungry on the first day of retention tests. Number 
6 alone showed retardation sufficient to produce anything like a normal 
learning curve in postoperative tests and he showed evidence of infection 
in the cord, Numbers 2 and 3 made errors only on the first day of reten- 
tion tests and on later days, when eager for food, made no errors. Number 
l gave evidence of retention from the first. All these cases ran the maze 
without error sometime after operation so that they at least show the 
Possibility of acquisition of the habit after section of the dorsal funiculi. 
However, we are justified in discounting completely their failures after 
Operation in view of the records of the second group. 
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Number 4 with interruption of the entire dorsal funiculus including 
the pyramidal tract and number 5 with section of the f. gracilis and 
cuneatus only made no errors in postoperative tests under the conditions 
of training. In tests with the darkened maze they made fewer errors after 
operation than the average for all animals under the same conditions 
before operation. From them we may conclude that accuracy in running 
the maze is not disturbed by complete destruction of the afferent and 
efferent paths of the dorsal funiculus. Number 7 showed a similar ability 
to traverse the maze after almost complete destruction of the f., gracilis 
and cuneatus and partial destruction of one lateral funiculus. 


Table 12.1. Summary of Results from Protocols 


Errors Errors Errors 
prelimi- prelimi- Errors post- 
Errors nary nary post- operative 
Number leaming® retention ® darkness ° operative ® darkness ° Lesion 
1t 67 0 7 Entire dorsal funiculus 
2ł 153 0 21 Entire dorsal f. 
3ł 97 37 Entire dorsal f. 
4 49 3 0 2 Entire dorsal f, 
5 32 0 5 0 5 Dorsal f, 
6ł 53 44 Dorsal f. 
vf 38 0 8 > 0 Dorsal and lateral f, 
8 83 0 11 0 8 Lateral f. 
9 57 0 11 1 4 Lateral f. 
10 80 1 2 4 Lateral f. 
11 71 1 12 1 5 Ventral f. 


° The errors made in the various tests are given as probably the most reliable of the three 
criteria, 


ł Animals in the first group tested. 


Numbers 8, 9, 10 made practically perfect records in postoperative 
tests after section of the lateral funiculi. Their motor incoordination was 
severe, they fell at almost every turn in the maze yet recovered and 
turned correctly without getting into the culs de sac. The lesion in number 
8 certainly involved all of the tracts of the lateral funiculus with a con- 
siderable part of the left f. cuneatus as well. The records of these cases 
show that none of the tracts of the lateral funiculus is essential for maze 
running, either under ordinary conditions or in darkness. 

Number 11, with severe lesion on the left in the ventral funiculus, gave 
no evidence of disturbance of the maze habit. The lesion did not involve 
that portion of the funiculus lying between the ventral horns but shows 
that the other parts of the funiculus are not essential, 

The only significant difference between the preliminary and post- 
operative tests is in the time required for traversing the maze. The average 
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time per trial for trials without error in the preliminary retention tests 
(cases 4, 5, 7, 8, 9, 10, and 11) is 5.4 seconds. The corresponding aver- 
age for the postoperative tests is 9.8 seconds. However, animals with 
lesions in each region occasionally traversed the maze as quickly after as 
before operation so that this retardation can not be taken as evidence for 
a necessity to “feel their way” with greater care than before operation. 
As a matter of fact all the animals showed ample motor disturbance to 
account for all the excess time of the postoperative tests and their behavior 
gave not the slightest indication of an increased dependence upon 


tactile or olfactory cues. 


MOTOR CONTROL OF THE MAZE HABIT 

The most surprising result of these experiments was the capacity of the 
animals to orient in the maze after section of the descending tracts. The 
inclusion of these tracts in the lesions was inadvertent and the lack of 


effects wholly confounding. After the first few days the motor capacities 
of the animals seemed but little disturbed. Their incoordinations of move- 
ment resembled the syndromes of sensory disturbances in man rather than 
any direct paralytic symptoms. Coordinations between sensory and motor 
Systems on opposite sides of the lesions appeared in all cases shortly after 
the operations. These included such activities as postural coordinations 
of the head and trunk in sitting erect, turning the head toward the locus 


of protopathic stimulation on the limbs and trunk, and washing the face 
with the forepaws, as well as orientation in walking. 

The lack of specific symptoms following section of the pyramidal tract 
is to be expected from the similar absence of motor disturbances following 
ablation of the entire stimulable cortex. Possibly some of the disturbances 
of gait after section of the lateral funiculi are referable to the destruction 
of the rubro-spinal paths rather than of the spino-cerebellar, but there 
would be little reason to assign the control of habitual movements to 
these paths. This leaves only the less definite thalamico-spinal, ponto- 
spinal and similar fibers as potential conductors of the orienting move- 
ments and since, in one case or another, the lesions interrupted practically 
all of the cross-sectional areas of the cord, we are forced to the conclu- 
Sion that the motor impulses essential to the performance of the acts 
described above are not restricted to any of the definite tracts, but 
descend, either diffusely or over alternative paths in the different funiculi. 


Simila; itions in the motor functions of the cord have been de- 
ig ak ane ork (20) on the path of the 


Scribed by other investigators. Porters w oft 
respiratory impulses is well known. Weiss (31) found after hemisection 
of the cord in dogs a rapid restitution of motor functions and Mott (18) 

e monkey. Osawa and Borgherini (see 


reported a similar recovery in th a 
24) found that a double hemisection, when the lesions were separated 
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by six or seven spinal segments, might be followed by restoration of 
motility of the hind legs in the dog. All of these observations point to a 
great plasticity or diffuseness of motor conduction in the cord. 

In contrast to this condition of the motor paths, the sensory paths seem 
much more definite and less plastic. All of these investigators report a 
much slower recovery of sensory functions after spinal lesion with never 
a complete restitution. Why this difference between afferent and efferent 
conduction should exist is still wholly obscure, but the difference seems to 
be clearly established, both by earlier and by our own observations and is 
of considerable importance for the interpretation of our data. 


SENSORY COMPONENTS OF THE HABIT 


The lesions to the dorsal funiculi produced serious sensory disturbances 
if we may judge from the defects of posture shown by the animals. 
Lesions to other parts of the cord, although followed by a few signs of 
sensory defect, were complete enough to ensure that all ascending paths 
were interrupted. It is clear that the ability of the animals to traverse the 
maze was unimpaired by the observed sensory defects and further, that 
no particular afferent path of the cervical cord is essential for the per- 
formance of the maze habit. There seem to be four possible alternative 
interpretations of the data. 

1. The kinesthetic impulses were eliminated by the lesions and the 
animals shifted to other sensory cues for direction in the maze. The fol- 
lowing controls of such Sensory cues seem to rule out this interpretation. 

Olfaction. With the older group at the termination of the preliminary 
retention tests the maze was rinsed out and allowed to stand open and 
unused for six days before the postoperative retention tests. There is no 
evidence to indicate that under such conditions directive odors would 
remain. Moreover, the rat which is following an olfactory trail shows an 
unmistakable pattern of movements (27) and none of the animals in our 
experiments showed any significant sniffing at the critical points in the 
maze during the postoperative tests, 

Audition. In passing from one alley of the maze to the next the animal 
is confronted by two passages of unequal length and must always turn 
towards the longer. It is conceivable that differences in echoes from the 
two ends of the passage might give directive cues, but evidence which 
we have of the enormous difficulty of such a discrimination of localization 
of sounds for the rat makes such a speculation preposterous. Differences 
in air pressure in the two passages are positively excluded by the fact that 
the alleys were covered only by coarse netting. 

Vision. The maze was covered in a way as to exclude light. The animals 
were disturbed by the presence of the cover and spent much time in 
pushing against it through the wire netting but their behavior in this 
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respect did not differ before and after operation and their accuracy after 
operation was in general better than before. 

Cutaneous. The sides of the maze and the angles of the doorways 
between the alley offer tactile stimuli. The form of the maze requires that 
the animal pass through each doorway as he reaches it. Traversing the 
alleys and turning the doors may therefore be controlled by tactile stimuli. 
But as the animal passes through each doorway he is confronted by the 
alternatives of a right or left turn with identical tactile situations at each 
side. These are the critical points in the maze, the most difficult for the 
normal animal to learn (7) and they offer no differential cutaneous cues. 

2. The important proprioceptive systems for the maze habit are the 
vestibule and muscles of the neck, whose innervation through the first 
and second cervical nerves was spared in the cases studied. The great 
importance of these systems in postural adjustment has been shown by 
Magnus and Leeuwen (17) but our observations on the behavior of the rats 
in the maze do not bear out the assumption of especial importance of 
these systems for the maze habit. The tests in darkness seem especially 
significant here. When placed in a covered maze all the animals were 
markedly disturbed. They pushed against the cover, sniffed at the cloth, 
moved forward a few inches and repeated the exploration. In the first 
trials in the darkened maze the progress of all the animals could be traced 
by their continuous pushing at the flexible cover. This behavior does not 
indicate a disturbance of orientation, for it may be induced by placing a 
strip of cloth across the top of the maze without significantly modifying 
Visibility of the path, It is an expression, rather, of the tendency of the 
rat to explore thoroughly any changed conditions in a familiar situation. 
The lack of real disturbances in orientation is illustrated by the record of 
number 7 who required thirty-five to fifty-five seconds for each of the first 
four trials in the darkened maze, yet without a single entry into a cul de 
sac. On the other hand, these exploratory movements of the head involve 
a continuous alteration of the pattern of stimulation from the vestibules 
and neck muscles which does not provide an adequate pattern for a 
Proprioceptive motor chain. For, even if some of the original elements 
of the chain are retained, such as stereotyped movements of the head at 
the critical turns of the maze, there is required some mechanism by which 
these significant movements may be distinguished from the others with 
which they make up a continuous series. To say that the habit is carried 
out by utilization of these movements seems thus to beg the whole ques- 
tion since the significant movements can be elicited and effective for 
subsequent behavior only in case the animal is already oriented and this 
orientation can not be ascribed to the previous series of irregular move- 


ments of the head. 


3. The proprioceptive paths of the cord are scattered in such a way 
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that a sufficient number of afferent impulses to control orientation may 
ascend through any part of the cord which happens to remain intact. It 
may be argued that, if the motor impulses can pass caudad over any intact 
area of the cord, the sensory impulses may likewise pass cephalad. Op- 
posed to this interpretation are the very obvious disturbances in sensi- 
tivity to posture after section of the dorsal funiculus and the ataxic symp- 
toms after section of the lateral funiculi; facts which suggest as definite 
a localization of afferent paths in the rat’s cord as in that of higher forms. 
Evidence from the dog and monkey [see above] also suggests that sensory 
conduction in the cord is more definitely restricted than motor. Finally 
we have seen that, anatomically, the tracts are perfectly definite and the 
corresponding appearance of functional disturbances suggests as distinct 
a localization of afferent conduction paths as occurs in higher forms. 

Thus, none of these three hypotheses seems admitted by the conditions 
of our experiments. The theory of chain-reflex arcs demands a continuity 
of adequate stimuli and a constancy of motor response which do not 
correspond to the observed facts. Marked reduction of proprioceptive 
sensitivity does not reduce accuracy of maze running although it results 
in motor disturbances sufficient to alter completely the pattern of motor 
activity. The hypothesis most in harmony with the facts seems to be one 
assuming that the successive activities of the maze habit are largely de- 
termined by central nervous activities. We are completely ignorant of the 
details of the mechanism implied here but may hazard some such guess 
as the following. 

4. The engram of the maze habit consists of some central organization 
in which the general direction and succession of turns are so recorded 
that, once the series is initiated, the essential sequence of movements may 
be performed in the absence of sensory control and with considerable 
variation in the actual movements produced. This is, of course, a very 
vague statement and implies conceptions of plasticity in nervous func- 
tioning which run counter to the whole doctrine of conditioned reflexes, 
yet the problem seems at present to admit of no greater simplification. 

The maze habit presents many complexities. There is clear evidence 
that the animals acquire some general orientation in addition to the 
habits of making particular turns and at present this orientation can only 
be described as an abstraction of a general direction from the diverse 
directions of the successive alleys. The variations which may occur in the 
motor pattern in traversing the maze, best illustrated by the disturbances 
following cerebellar lesions, point to a functional equivalence of motor 
activities similar to the transfer of motor habits to an unpracticed limb 
reported earlier (11, 12). It is not within the scope of the present paper 
to enter into a discusion of the problems suggested here. It must suffice 
that the maze habit involves intricacies which are not accounted for by 
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any of the theories hitherto proposed, that it has common elements with 
the problems of rational learning and purposive acts, and that its analysis 
must await a better understanding of such complexities of behavior. Our 
present experiments serve only to emphasize the inadequacy of the chain- 
reflex theory of maze learning. Earlier work has shown the difficulty of 
interpreting the habit as a succession of reactions to exteroceptive cues. 
Our data indicate an exactly similar difficulty in basing the habit on 
proprioceptive ones. 


DEFECTS OF THE GENERAL THEORY OF CHAIN REFLEXES 
of simple reflexes elaborated only 


Attempts to explain behavior in terms 
ve proved of little value for an 


by combination in chain-reflex ares ha 
understanding of the more intricate problems of psychology and, where 
they have been tested by experiment, have received little factual support. 
Perhaps the simplest phase of the problem is that involved in the control 
of accuracy of movement. Are movements of definite extent or duration 
limited by the sensory components of the movements or by some pre- 
liminary ‘central set which determines the limit of movement inde- 
pendently of sensory processes? In many cases the sensory processes 
obviously play a role in the control of accuracy, but it seems certain that 
such “current control” is not essential to accurate movement. Observa- 
tions of Bowditch and Southard (2) on the comparative accuracy of 
visual and kinesthetic control, of Loeb (16) on the bilateral symmetry 


of movement, and of Woodworth (32) on the relation of speed to ac- 
curacy all indicate a relative independence of sensory control. Lashley 
(10) has shown that complete anesthesia to movement after lesion to 
the dorsal roots or spinal funiculus may not result in any disturbance in 
the accuracy of extent or duration of movements which are not opposed 
by external resistance. 

The results of these studies seem explicable only on the assumption that 
the speed and extent of movement (intensity and duration of muscular 
innervation) may be determined in the initial set before any overt move- 
ment has actually occurred, and that “current control” enters in only when 


there is some departure from the conditions for which the initial adjust- 
ment was made. 

Many swift sequences of movement, such as the execution of rapid 
Musical passages, demand the same sort of explanation of control through 
the initial set. In sight reading of music it is often impossible to take in 
the individual notes and the player must learn to respond to groups of 
notes as does the reader to groups of letters or words. The effective 
stimulus is momentary yet determines the release of a series of movements 
in definite order and at such a rate that the initiation of each cannot be 


ascribed to the completion of the preceding. 
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The theory of maintenance of emotional status by proprioceptive 
excitations is not in better case. In the large number of studies of bodily 
changes in emotion there is not one established invariable correlation 
between muscular pattern and emotional state. On the contrary, the pic- 
ture of motor changes during emotion is highly variable, in contrast to 
the relatively stable motivating effects of the emotions and there is at least 
as much reason to interpret facial and bodily expression in emotion as an 
actual “expression,” determined in part as a social gesture and in part 
by chance irradiation of intense neural excitation (9) as to accept the 
hypotheses of James and Lange. 

Finally, such experimental evidence as we have on the question of 
implicit movements in thinking (25) directly opposes the chain-reflex 
theory and suggests that, when implicit movements do occur, it is as a 
result of irradiation and not a part of the normal process of thinking. 

The chief attractiveness of the chain-reflex theories lay in their promise 
that psychology might progress by simple objective methods and escape 
the need for indirect inference concerning neural complexities which 
could not be directly observed. The accumulation of evidence against the 
existence of the observable muscular contractions which can serve as a basis 
for the chain reflex forces us either to seek the completion of the reflex in 
action currents without observable muscular contraction (30), or to turn 
to the central nervous system for explanation of maintenance as well as 
coordination of activity. There is no direct evidence supporting the 
excitatory effects of such action currents and it will not be less difficult to 
disentangle the complex electrical phenomena of tonus and subliminal 
movement than to measure cerebral changes directly, so that the advan- 
tage of greater objectivity can not be claimed for the motor theory, 

On the other hand, for the two simplest types of activity where the 
theory of chain reflexes might be expected to apply, the current control 
of movement and maze running, the evidence seems definitely to oppose 
the motor theory and to favor the existence of some wholly central 
mechanism as the determiner of the motor sequences, 


Summary 


Rats were trained in a maze with eight culs de sac and subjected to 
partial section of the spinal cord in the upper cervical region. A series 
of cases with complete interruption of the dorsal or lateral funiculus were 
obtained. The ability of the animals to traverse the maze was then tested. 
In spite of serious sensory disturbances, some animals with each type of 
lesion traversed the maze without significant errors after each type of 
lesion. Control experiments indicated that they did not fall back upon 
exteroceptive cues for orientation and that the persistence of the habit can 
not be referred to the remaining proprioceptive sensitivity. From this it 
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is argued that the maze habit can not be interpreted as a series of 
kinesthetic-motor reflexes but must be referred to some intraneural mech- 
anism capable of producing an integrated sequence of movements in the 
absence of directive sensory cues. 
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13. BASIC NEURAL MECHANISMS 
IN BEHAVIOR' 


Among the systems and points of view which comprise our efforts to 
formulate a science of psychology, the proposition upon which there 
seems to be most nearly a general agreement is that the final explanation 
of behavior or of mental processes is to be sought in the physiological 
activity of the body and, in particular, in the properties of the nervous 
system. The tendency to seek all causal relations of behavior in brain 
Processes is characteristic of the recent development of psychology in 
America, Most of our textbooks begin with an exposition of the struc- 
ture of the brain and imply that this lays a foundation for a later under- 
Standing of behavior. It is rare that a discussion of any psychological 
Problem avoids some reference to the neural substratum, and the develop- 
ment of elaborate neurological theories to “explain” the phenomena in 
every field of psychology is becoming increasingly fashionable. 

In reading this literature I have been impressed chiefly by its futility. 
The chapter on the nervous system seems to provide an excuse for pic- 
tures in an otherwise dry and monotonous text. That it has any other 
function is not clear; there may be cursory references to it in later chap- 
ters on instinct and habit, but where the problems of psychology become 
Complex and interesting, the nervous system is dispensed with. In more 
technical treatises the neurological explanations are made up mostly of 
assumptions concerning the properties of the nerve cell which have no 
Counterpart in physiological experiment. Thus we find the superiority of 
distributed over concentrated practice seriously “explained” by the 
“fact” that successive passage of neural impulses over a synapse reduces 
its resistance least when the impulses come in quick succession. 

There is no direct evidence for any function of the anatomical synapse: 
there js no evidence that synapses vary in resistance, or that, if they do, 

© resistance is altered by the passage of the nerve impulse. If the ex- 
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planation is to be given in terms of established facts, as it must be, then 
it is limited to the following form: the superiority of distributed practice 
is due to the discontinuity of the neurons, the polarity of conduction, the 
fact of learning, and the superiority of distributed practice. 

This is a typical case of the neurological explanations to be found in 
our psychological literature. With such conditions prevailing, it seems 
time to examine critically the relations between psychology and neurol- 
ogy and to attempt an evaluation of current notions concerning the 
mechanisms of the brain. 


INADEQUACY OF CURRENT THEORIES 


The starting point for our attempts to account for behavior in terms 
of nervous processes has been either the cerebral localization of functions 
or the theory that all nervous integration is patterned after the spinal 
reflex. I need scarcely point out the difficulties encountered by the older 
doctrine of cerebral localization. It expresses the fact that destruction of 
definite areas results in definite symptoms and the probable inference 
that these different parts have diverse functions, but it has given us no 
insight into the manner in which the areas or centers exercise their func- 
tions or the way in which they influence one another. It is only by apply- 
ing psychological conceptions like that of association, or by turning to the 
theory of reflexes that the doctrine of localization is made to express the 
dynamic relations of behavior. 

The extension of the theory of reflex conduction, first derived from 
studies of the spinal cord, to problems of cerebral function provided a 
welcome addition to the psychophysical doctrine of localization. It gave 
clear interpretation of localized areas as relay points or centers along the 
course of the reflex are and seemed to explain the functional relations of 
the areas, However, the theory has not worked well in application to the 
details of behavior. To understand the difficulties we should have clearly 
in mind the form and limitations of the theory. It states th 
anism of cerebral function is essentially the same as that of 
flexes, involving the conduction of nerve impulses from the 
over definite, restricted paths to the effectors, The performance of a habit, 
whether of speech or of manipulative movement, is determined by the 
existence of definite connections between a limited number of nerve cells, 
which are always functional in that habit. The model for the theory is a 
telephone system. Just as two instruments can be connected only by 
certain wires, so the sense organs and muscles concerned in any act are 
connected by nerve fibers specialized for that act. 

Perhaps few neurologists would agree to such a bare statement. They 
point to the incalculable number of nerve cells, the interplay of inhibition 
and facilitation, and suggest that in so complex a system there are limit- 


at the mech- 
the spinal re- 
sense organs 
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less possibilities. But the fact remains that the essential feature of the 
reflex theory is the assumption that individual neurons are specialized 
for particular functions. The explanatory value of the theory rests upon 
this point alone, and no amount of hypothetical elaboration of connec- 
tions alters the basic assumption. 

Both the doctrines of localization and of conditioned reflexes imply the 
Correspondence of structural and functional units—the specialization of 
minute areas or of single cells for definite limited functions. Recent ex- 
perimental and clinical evidence seems to show that there is no such 
Correspondence, and thus to present fatal difficulties to both theories. I 
shall sketch the main lines of this evidence, then turn to a consideration of 


other possible mechanisms. 


Analysis of the Adequate Stimulus 

The notion of the reflex arc was developed in studies of spinal prepara- 
tions in which protopathic stimuli or muscle tensions are the chief sources 
of excitation. Under these simple conditions something like a point for 
Point correspondence between receptor cells and muscle groups could 
be demonstrated, as in the case of the scratch reflex. 

We first attempted the extension of this conception to instinctive be- 
havior, on the assumption that the adequate stimulus to nursing, to the 
Tecognition of the mate or young, to the recognition of the nest site, to 
Sexual excitement might be expressed in terms of the excitation of such 
and such receptor cells. This proved to be a vain hope. The adequate 
Stimulus in such cases may be described in terms of a pattern having 
definite proportions but always, within wide limits, it is a matter of in- 
difference to what receptor cells this pattern is applied. 

A survey of various types of behavior shows that this is an almost uni- 
versal attribute of the adequate stimuli (6). It is most obvious in pattern 
Vision and can be demonstrated in animals with a rather primitive cortex. 

lave recently improved the technique for study of vision in the rat so 
that habits of pattern vision may be established in twenty or thirty trials. 

t is thus easy to test the equivalence of stimuli under conditions where 

Previous associations are ruled out. Not only do we find transposition as 
Köhler has described it for chimpanzees, but even more striking equiva- 
€ncies. An animal trained to discriminate patterns of solid white on a 
black ground is undisturbed by reversal of the brightness relations, by 
substitution of outlines for the solid figures, or even by partial outlines 
Which retain some of the proportions of the original figures. 

In many cases it is clear that the equivalent stimuli involve none of the 
retinal elements which were activated during learning. Here we have a 
Situation where a habit is formed by the activation of one set of receptors 
and executed immediately upon stimulation of an entirely different and 


194 THE NEUROPSYCHOLOGY OF LASHI.EY 


unpracticed group. The equivalence of stimuli is not due to the excitation 
of common nervous elements. The equivalent patterns have in common 
only ratios of intensity or of proportion in the spacial distribution of ex- 
cited points. I might multiply examples of this sort indefinitely, but the 
studies of the Gestalt psychologists leave little doubt that such a condition 
is the rule for all stimuli with which we deal in the study of behavior. 


Analysis of Reactions 


Turning to motor activity, we are confronted by an identical problem. 
If we train an animal in a maze and observe carefully his subsequent 
errorless running, we find little identity of movement in successive trials. 
He gallops through in one trial, in another shuffles along, sniffing at the 
cover of the box. If we injure his cerebellum, he may roll through the 
maze. He follows the correct path with every variety of twist and posture, 
so that we cannot identify a single movement as characteristic of the 
habit (14). 

I have earlier reported cases of the direct adaptive use in the per- 
formance of motor habits of limbs which were paralyzed throughout 
training and whose motor paths consequently could not have been exer- 
cised during training (11). It is not helpful to say that previously formed 
general habits are utilized in such performances, for the preexisting habits 
have not been associated with the new situation and the problem of the 
spontaneous association of the new patterns remains unsolved. 

The problem of equivalence of motor responses has been less studied 
than that of equivalence of stimuli, but the phenomenon seems to be 
equally common, Activities ranging from the building of characteristic 
nests by birds to the so-called purposive activities of man show the absence 
of stereotyped movements in the attainment of a predetermined goal. The 
most familiar and most striking example is that of grammatical form in 
speech. Once we learn a new word, we use it in correct grammatical 
relations in limitless combinations with other words, without having to 
form new associations for each new setting. 

It is only in certain acts of skill that stereotyped movements are recog- 
nizable and the uniformity of these is a result of long practice. We seem 
forced to conclude that the same motor elements are not necessarily used 
in the learning and performance of motor habits and that motor elements 
can be utilized directly when no specific associations have been formed 
with them. 

Plasticity in Central Organization 


Studies of the central nervous system give a similar picture. The func- 
tions are relatively independent of the structural elements. I can only cite 
a few of the lines of evidence, but sufficient, I believe, to establish the 
point, 
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First with respect to the specificity of conduction paths. The final motor 
neurons have been studied by Weiss (20). He grafted additional limbs 
on salamanders, cutting the nerve which supplied the original limb so 
that the regenerating fibers came to innervate both the original and the 
new limb. The two limbs innervated by the same nerve showed synchro- 
nization of movements in corresponding muscle groups. Histological ex- 
amination showed that the axons of the original nerve had branched so 
that the muscles of the two limbs were supplied by fibers from the same 
axons. There is no selective outgrowth of regenerating fibers and the 
branches of the same axon do not necessarily go to corresponding muscles. 
It seems, then, that the coordination of the two limbs is not a function 
of the particular fibers which innervate each muscle, but is due to some 
Property of the nerve impulse such that the same fiber can selectively 
elicit either of two antagonistic movements. These experiments are still the 
subject of controversy, but the objections raised against the results are 
not particularly impressive and, though they may raise some doubt of 
this conclusion, they certainly do not establish the specificity of the axon. 
The results of Weiss are in harmony with many facts revealed by the 
Study of the central nervous system. 

In work with injuries to the spinal cord Miss Ball and I (13) have 
found that orientation of the rat in the maze is undisturbed by interrup- 
tion in the cervical cord of either the pyramidal, rubrospinal, or any 
other of the long descending tracts. The impulses controlling turning and 
threading the maze somehow get down the cord after the destruction of 
any half of the descending fibers. I have more recently been working 
With double hemisections of the cord. In these preparations one half of 
the cord is divided in the upper cervical region, the other half below the 
nucleus of the phrenic nerve, so that all the long fibers are interrupted 


above the motor centers for the limbs. After three months such prepara- 
tions show coordinated movements in walking and are able to control 
the limbs for orientation in response to stimuli applied to the head. The 
Control is established in spite of the permanent interruption of all the 


Ong spinal 
perenne dence upon the functions of the 


We have also been accumulating evi 
cerebrum in the rat. The data are 


Projection and association tracts of the e e 
mot yet complete, but it seems fairly certain that the interruption of the 


Projection fibers to a part of a functional area produces far less pro- 
pounced symptoms than destruction of the cortical area supplied by those 
ases in which linear lesions sever 


ers. We have now a large number of c | Si 
the Connections between the different anatomical areas of the cortex or 
ivide the association fibers within single areas. It is rare that any symp- 
toms can be detected in such cases, unless there is involved a considerable 
estruction of cortical tissue. The most capable animal that I have studied 
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was one in which the cortex and underlying association fibers had been 
divided throughout the length of each hemisphere. His IQ, based on ten 
tests, was 309. 

In higher forms there is evidence for a somewhat greater specificity of 
long tracts in the central nervous system, but even in man the evidence is 
unequivocal only for the pyramidal system, which we have reason to 
believe is a part of the postural system and not especially concerned in 
the higher integrative functions of the brain, and for sensory paths of the 
cord. Although I would not venture the opinion that the association tracts 
of the cerebrum are a skeletal structure, there is certainly no direct evi- 
dence for the existence in them of any sharply defined reflex paths whose 
interruption results in the loss of isolated elementary functions. 

What is the evidence that the cortex itself contains the definite spe- 
cialized synapses which are demanded by the reflex theory? The data 
from extirpation experiments are somewhat ambiguous but, taken as a 
whole, fairly conclusive. Small lesions either produce no symptoms or 
very transient ones, so that it is clear that the mechanisms for habits are 
not closely grouped within small areas. When larger areas are involved, 
there are usually amnesias for many activities. Some of our experiments 
show that the degree of amnesia is proportional to the extent of injury 
and, within wide limits, independent of the location of the injury. This 
may mean that the cells differentiated for the habits are widely and uni- 
formly scattered, or that there are no especially differentiated cells. After 
injuries to the brain, the rate of formation of some habits is directly pro- 
portional to the extent of injury and independent of the position within any 
part of the cortex. This shows that the rate of learning is not dependent 
upon the properties of individual cells, but is somehow a function of the 
total mass of tissue. Rate of change in individual synapses does not ex- 
press the facts of learning unless we postulate some means by which the 
capacity for change in any cell is modified by the activity of all other 
cells of the cortex. Finally, when such habits have been formed after 
brain injury, their retention correlates with the amount of functional 
tissue. This can be interpreted only as evidence that memory is not a 
function of individual cells, but is a property of the total mass of tis- 
sue (12). 

The reflex theory is not helpful for an understanding of such facts, nor 
do they seem consistent with it. If we consider the whole reaction, from 
sense organ to effector, the impossibility of a theory of specialized inter- 
cellular connections becomes apparent. Let us analyze a visual reaction, 
for here the anatomical localization of paths seems best established. The 
observations of Marie and Chatelin (15), and of Holmes and Lister (8) 
suggest a detailed projection of the retina upon the cortex, the macula 
represented in the posterior calcarine region, and successive radial zones 
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along the borders of the fissure. (I am not sure that this interpretation is 
correct.) Poppelreuter ( 17), has pointed out that the forms of scotoma are 
not as varied as the manifold shapes of lesion should lead us to expect, 
and that all the forms of scotoma can be interpreted as radiating or con- 
verging disturbances of the functional balance within the entire area. (I 
have observations of a migraine scotoma in which the blind area retained 
a characteristic shape but drifted from the macula to the periphery of the 
visual field in the course of half an hour.) But granting a cortical retina, 
the problem of integration is only moved back a step. I have cited evidence 
to show that the retinal cells used in the formation of a habit need not be 
excited in order to reinstate the habitual response. This must be equally 
true, then, for the cortical retina. The same cells may not be twice called 
upon to perform the same function. They may be in a fixed anatomical 
relation to the retina, but the functional organization plays over them just 
as the pattern of letters plays over the bank of lamps in an electric sign. 
We find then at the point of projection on the cortex a variable pattern 
shifting over a fixed anatomical substratum. How can this elicit a response 
from a definite set of motor cells? It can not do so by excitation over 
definite association paths, for there is evidence against the existence of 
Such paths and, besides, there are no fixed points of origin for them. 
Nor is it certain that there are any fixed motor points. We have found in 


studies of the motor cortex that a point which will elicit a primary move- 
ment of the fingers on one day may, 2 week later, produce a movement 
ven movements of the face (10). 


of the shoulder and at another time © 
And the motor cortex, with its somewhat definite localization, is probably 


not concerned in habitual activity, anyway. 
There does not seem to be a possibility of a constant anatomical locali- 


zation at any point from receptor surface to effectors. Somehow the motor 
System must be sensitized to respond to the sensory patterns, but the 
Phenomena cannot be expressed in terms of definite anatomical connec- 
tions. This is the fundamental problem of neural integration and must 
Serve as the starting point for any adequate theory of cerebral function. 


The Doctrine of Circular Reflexes 

x theory as applied to psychological 
effects of stimulation are immediately 
nes-Lange theory of emotion, the 
sion of bodily postures or “sets,” 


An essential element of the refle 
Problems is the doctrine that all the 
Observable in the motor systems. The Jar 


m that mental attitudes are an expres : 
the theory that instincts and serial habits are chains of sensory-motor 


activity, the doctrine that implicit speech or gesture forms the basis of 
thinking: these are all expressions of the belief that the nervous system 
Serves merely for the rapid switching and conduction of impulses from 
Teceptor to effector, without long-continued intraneural sequences of 
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activity. This notion has been attractive, as offering a possibility of direct 
objective study of mental activity, but attempts to verify it experimentally 
have given disappointingly negative results. 

The problem of emotion is still in such confusion that one can draw no 
conclusions with confidence, but the accumulation of evidence upon the 
variability of expressive reactions and the repeated failure to find any 
consistent correlations between bodily changes and either exciting situa- 
tions or reported subjective states lends little support to the visceral 
theory. 

On the question of maintained attitude or set we have some recent 
evidence which seems significant. Studying the influence of bodily pos- 
ture upon the movements elicited by stimulation of the motor cortex Dr. 
Jacobsen and I mapped the motor area and selected for study a point 
giving extension of the fingers. We changed the posture of the limbs, 
head, and body of the preparation, stimulated muscles and nerve points 
electrically and in other ways sought to alter the conditions of peripheral 
stimulation. The excitability of the point was unaltered by this treatment 
and the same movement was elicited at five-minute intervals for two 
hours. We then altered the excitability of the point by stimulation of an- 
other distant point, changing the primary movement from extension to 
flexion. This new primary movement persisted for fifty-five minutes in 
spite of repeated changes in the posture of the animal, then reverted 
spontaneously to the original movement of extension. The experiment 
suggests that the pattern of organization of the motor cortex can be al- 
tered by central excitation and that the altered condition can be main- 
tained for long periods without reinforcement from peripheral organs. It 
seems to fulfill the conditions for demonstration of a centrally maintained 
attitude, 

Miss Ball and I have tested the effects on serial habits of sectioning the 
afferent paths of the cord, together with removal of all external directive 
clues after the animal is oriented in the starting box. Under these condi- 
tions the habits are run off without disturbance. With external and in- 
ternal sensory cues eliminated it seems that the series of acts must be 
controlled by some wholly central mechanism. 

The work of Thorson on tongue movements (19) and unpublished 
observations on eye movements during thinking, together with reports of 
the recovery of speech with use of an artificial larynx, oppose the doctrine 
of the completed reflex and point to some continued intraneural process 
as the basis of thinking. The weight of evidence, I believe, favors the 
view that in emotion, in all persistence of attitudes, in all serial activity 
there are continuously maintained central processes which, if they be- 
come intense, may irradiate to motor centers and produce expressive 
movements, implicit speech, and the like. The pattern of irradiation varies 


NEURAL MECHANISMS IN BEHAVIOR 199 


from subject to subject according to chance variations in the excitability 
of the motor or vegetative nervous systems, and peripheral activities are 
not an essential condition for the maintenance of the central processes. 

I have devoted so much time to criticism of the reflex theory of be- 
havior because it seems to be deeply rooted in our thinking and to have 
had an important influence in the development of almost every phase of 
psychology. It has been valuable in counteracting certain trends toward 
but I believe that it is now becoming an obstacle 
rather than a help to progress. In the youth of a science there is virtue 
in simplifying the problems so that some sort of decisive experiments may 
be formulated, but there is a danger that oversimplification will later 
ant problems. In the study of cerebral functions we 
seem to have reached a point where the reflex theory is no longer profit- 
able either for the formulation of problems or for an understanding of the 
phenomena of integration. And if it is not serviceable here, it can scarcely 
be of greater value for an understanding of the phenomena of behavior. 


THE ALTERNATIVE TO THE REFLEX THEORY 
doctrine of the specialization of nervous 
ssible that the modes of organiza- 


vitalism and mysticism, 


blind us to import 


What is the alternative to the 


elements for definite reactions? It is po: 
tion in the brain are not less numerous and diverse than the types of be- 


havior to which they give rise. We have little direct evidence as to the 
nature of these central processes, but can deduce some laws from the 
effects of cerebral injury which may point the way to the significant in- 


vestigations of the future. 


Dynamic Aspects of Localization 
Specialization of functions in the cerebral cortex is an indisputable fact, 
ut we have yet to find an adequate interpretation of it. We have asked, 
here are psychological functions localized in the brain? and have gained 
a meaningless answer. We should ask, How do specialized areas produce 
the details of behavior with which they are associated: what are the func- 
tional relationships between the different parts and how are they main- 
tained? 
Variable Degrees of Localiza 
Produced by brain injuries in a wi 


tion. If we survey the disturbances 
de range of activities we are forced to 


he conclusion that the accuracy of localization or the degree of specializa- 
tion varies greatly. Definitely limited defects appear in the visual and 
tactile and to a lesser extent in the motor fields after limited lesions to 


the calcarine, postcentral, and precentral gyri. In other sensory spheres 
tions of behavior, there is little 


and in all the more elaborate organiza i 
evidence for an equal fineness of differentiation. The visual cortex prob- 
ably represents the maximum of specialization of small units. In the 
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somesthetic field there is also a cortical projection, but less finely differ- 
entiated. In other functions we find every degree of specialization up to 
the limit where all parts of the cortex participate equally in the same 
function. The latter is apparently the condition for the maze habit in the 
rat. Destruction of any part of the cortex produces a partial loss of the 
habit and equal amounts of destruction produce equal amounts of loss, 
regardless of locus within the cortex. 

An area which is highly specialized for one function may play a more 
generalized role in another. The habit of brightness discrimination in the 
rat is abolished by injury to the area striata, and by injury to no other 
part of the cortex. Here is a clear case of specialization. But the maze 
habit is abolished by destruction of this same area or of any other of 
equal size, Is it because the maze habit is dependent on vision? No, for 
blinding trained animals does not affect the habit, whereas destruction of 
the area striata abolishes the habit in animals which were blind during 
training. The deterioration does not differ in any observable way from 
that following lesions to other parts of the brain. 

Except in projection areas there is no evidence for anatomical speciali- 
zation within the general areas of localization. Thus in the aphasias show- 
ing predominantly a loss of naming ability or of memory for words there 
is not a selective effect upon memories for specific words, but a general 
difficulty of recall which embraces all words of a functional group. 

The evidence on localization suggests that where the relations of stimuli 
in space are of importance for behavior, there exists in the cortex a 
spacial distribution of points corresponding to the sensory surfaces, but 
that for all other functions a similar spacial arrangement is lacking. In 
terms of the reflex theory such a spacial arrangement has little meaning, 
but in terms of the hypothesis to which I am leading it is of prime im- 
portance. 

Functional Levels of Organization. Turning to the dynamics of locali- 
zation, we find that loss or partial loss of functions may find expression 
in various ways. In some cases it seems that the fundamental organiza- 
tion for a function has been very little disturbed but that the ease of 
arousal is markedly altered. Thus in monkeys and probably in man, the 
severity of cerebral paralysis varies somewhat with the current emotional 
state, and during great excitement the power of voluntary movement may 
be temporarily restored. The paralysis seems to consist of a greater or 
lesser difficulty in initiating movements, whose organization is undis- 
turbed (16). The emotional facilitation can restore the capacity for 
movement. It clearly does not supply the specific integrations but only 
makes the final common paths more excitable or increases the intensity of 
activity in the integrating mechanisms. Here we have the energy for 
activity supplied, as it were, from an outside source. Some of the symp- 
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toms of cerebellar ataxia and the conditions described as pure motor 
aphasia present the same sort of pieture. I have used the term energy 
here with reluctance, for the notion of nervous energy has led to many 
extravagant speculations, yet it seems impossible to deal with such phe- 
nomena except in terms of some general factor which may influence the 
ease of functioning of a system of activities without changing the specific 
integrations. 

In another type of quantitative reduction in efficiency, the integrative 
mechanism itself seems affected, but without disintegration into elemen- 
tary functions. In the rat, destruction of the occipital cortex abolishes the 
habit of brightness discrimination in the Yerkes box. Brightness vision is 
actually undisturbed, as can be demonstrated by other methods, but the 
association with the specific activities of the training box is disturbed. 
The amount of practice necessary to reestablish the association is closely 
proportional to the extent of lesion. Here we are dealing with some func- 
tion akin to the memory trace of Ebbinghaus. Just as the memory trace 
grows weaker with the passage of time, so it is weakened by cerebral 
injury. Recall may be impossible, yet a persisting trace of the former 
training may be demonstrated by the “savings method.” The strength of 
the trace is determined by the quantity of tissue. The efficiency of per- 
formance is determined by the summated action of all parts of the area. 

We cannot here use the accepted theories of summation or reinforce- 
ment, for these theories are based upon the phase relations of nerve im- 
pulses and we seem to be dealing with a continuous summation. It seems 
impossible to express the facts in other terms than simple variation in 
energy, , 

The Relative Fragility of Functions. I have pointed out that the same 
area may be involved in quite diverse functions. These may be differently 
affected” by lesions. Thus the habit of threading a complex maze is seri- 
ously disturbed by destruction of any part of the cortex, provided the 
lesion involves more than 15 per cent. The habit of a simpler maze is 
unaffected by lesions involving as much as 50 per cent of the cortex. We 

© not have an extensive series of tests with different mazes, but a com- 
Parison of Cameron’s cases (1) with my own indicates that there isa 
definite relationship between the complexity of the maze habit and the 
Minimal lesion which will produce a measurable disturbance of it. , 

Dr. Jacobsen has similar evidence from experiments with monkeys.? 
Animals were trained to open a series of simple puzzle boxes and also a 


Ox in which the latches of the simple boxes were combined. After de- 


struction of the frontal or parietal lobes, the ability to open the simple 


Oxes was retained, but the same latches in combination could not be 
> 
Opened. 


2 To be reported in J. comp. Neurol. [1931, 52, 271-340.] 
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We have similar results on the limits of training for both the rat and 
monkey. Simple problems may be learned at almost normal rate after 
brain injuries; complex problems are learned slowly, if at all. Further, the 
greater the brain injury, the greater is the disproportion between the 
learning of simple and complex habits. In such cases the brain injuries 
seem to limit the complexity of organization which may be acquired, with- 
out disturbing the capacity for the simple acts which are mediated by the 
same areas. 

The clinical literature presents many comparable cases. The aphasic 
patient may be able to understand and execute simple commands and yet 
be unable to grasp the same instructions when several are given at the 
same time. Head cites numerous instances of this limitation in complexity 
of organization (7). In pattern vision, the stages through which the 
patient passes during recovery from cortical blindness form a series with 
respect to complexity. It seems probable that the great fragility of color 
vision and of the perception of depth is due to the high degree of or- 
ganization required for these functions, rather than to their separate 
localization in the cortex. 

Both the animal experiments and the clinical material point to the con- 
clusion that a given area may function at different levels of complexity, 
and lesions may limit the complex functions without disturbing the sim- 
pler ones. Further, we cannot ascribe this limitation to the loss of some 
necessary elementary functions or to disturbances of nutrition or to shock, 
for it has been shown in some cases to be solely a function of the 
quantity of tissue. In this respect the limitation of complexity seems to 
accord with Spearman’s view (18) that intelligence is a function of 
some undifferentiated nervous energy. 


The Relational Framework in Cerebral Function 


Let us turn now to another important aspect of cerebral function. A 
review of symptoms suggests that no logically derived clement of be- 
havior can be shown to have a definite localization; no single sensation, 
memory, or skilled movement is destroyed alone by any lesion. On the 
contrary the various parts of the functional areas seem equipotential for 
such elements, and either a whole constellation of them is affected by the 
lesion, or none at all. In these constellations of activities the grouping is 
determined, not by associative bonds, but by similarities of organization. 
Let me illustrate this point. In an hysterical amnesia we may find a loss of 
memory for all events associated with some emotional experience. The 
constellation is here determined by the grouping of habits. In organic 
amnesias the grouping is quite different. The speech most commonly re- 
tained in aphasia is that related to emotional expression, as was pointed 
out by Hughlings Jackson. Ejaculations, words of affirmation or negation, 
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profanity, and words having a deep personal significance make up the 
residual vocabulary. The determining factor here seems to be the relation 
to emotional facilitation. Head’s work shows other groupings, the loss of 
words involving the object-name relation, or of those concerned with the 
relations of space, time, and logical order (7). The defects can in every 
case be related to ways of thinking about things, but not to loss of spe- 
cific associations. 

Many disturbances of vision show the same characteristics. An ap- 
parent word-blindness, for example, may be due, not to a loss of visual 
memory for the words, but to an inability to see the letters in a definite 
spacial arrangement. 2 

Even in experiments with animals there are suggestions of similar 
conditions. We find rather frequently a picture which suggests loss of the 
general sense of direction, with retention of associations with the specific 
turns in the maze. 

I have not time to multiply examples, but I believe that there is ample 
evidence to show that the units of cerebral functions are not single re- 
actions, or conditioned reflexes as we have used the term in America, but 
are modes of organization. The cortex seems to provide a sort of general- 
ized framework to which single reactions conform spontaneously, as the 


Words fall into the grammatical form of a language. 


The Mutual Influence of Cerebral Activities 

Every statement concerning independence of functions must be made 
With certain reservations, The early students of aphasia, using the crudest 
of examining methods, were able to identify a great variety of types in- 
Volving entirely different defects in the use of language. More careful 
Study of the aphasias with finer methods of examination has failed to 
reveal such clear-cut distinctions, and today we have no accepted classifi- 
cation of the aphasias. Marie concluded that all types are the result of a 
Common intellectual defect. Head denies that the intellectual defect is 


Primary but admits that in all cases intellect suffers to the extent that it 
gators seem now agreed that 


employs symbolism in thinking. All investig | ie 

© disturbance of speech is only one symptom of a disorder which can 
© traced ic of thought. 

Sn spears Rue Br the clinical field. With im- 


his is typi ‚elopmen 
ypical of recent develop i ; 
Provement in methods of examination, the complete isolation of functions 


ecomes more and more questionable, until it seems as though disturb- 
ance in any function implies lesser, but recognizable, changes in every 
other, 

This interdependence is not merely an expression of the subtraction of 
elementary functions by brain injuries. It seems to involve a genuine 
usion of different processes, such as is shown in the observations of 
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Poppelreuter (17) on the “totalizing function” of the visual area, and 
those of Gelb on the mutual influence of normal and hemiamblyopic areas. 
Poppelreuter reports the completion of simple figures in the cortically 
blind field, much like the normal filling in of the blind spot. Gelb (5) 
describes a case in which objects were judged smaller when seen in one 
half of the visual field than when seen in the other. When exposed so as 
to include both fields they were judged intermediate in size. Evidently 
in such cases as this there is fusion rather than summation of elements. 


Self-regulation in Neural Function 


This unity of action seems to be more deeply rooted than even the 
structural organization. In working with animals and with human patients 
I have been more and more impressed by the absence of the chaotic 
behavior which we might expect from the extent and irregular form of 
the lesions. There may be great losses of sensory or of motor capacities, 
amnesias, emotional deterioriation, dementia—but the residual behavior 
is still carried out in an orderly fashion, It may be grotesque, a caricature 
of normal behavior, but it is not unorganized. There are certain apparent 
exceptions to this rule, such as the loss of control of laughter in certain 
thalamic and lenticular cases, jargon in aphasia, the loss of spacial 
organization in some cases of visual agnosia, but even here the disturb- 
ances are not chaotic. Even dementia is not wholly unintelligent. It 
involves reduction in the range of comprehension, in the complexity of 
the relations which may be perceived, but what falls within the patient's 
range is still dealt with in an orderly and intelligible fashion. 

There seems always to be a certain spontaneous compensation or 
adaptive reorganization. The most definite example of this sort is the 
observations of Fuchs (4) on pseudofovea. He finds that in cases of com- 
plete hemianopsia there is a shift of the center of fixation from the ana- 
tomical fovea to a variable point in the peripheral retina which acquires 
a greater visual acuity than can be demonstrated in the anatomical 
macula. 

Such phenomena suggest that the nervous system is capable of a self- 
regulation which gives a coherent logical character to its functioning, no 
matter how its anatomical constituents may be disturbed. If we could 
slice off the cerebral cortex, turn it about, and replace it hind side before, 
getting a random connection of the severed fibers, what would be the 
consequences for behavior? From current theories we could predict only 
chaos. From the point of view which I am suggesting we might expect 
to find very little disturbance of behavior. Our subject might have to be 
reeducated, perhaps not even this, for we do not know the locus or 
character of habit organization—but in the course of his reeducation he 
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might well show a normal capacity for apprehending relationships and 
for the rational manipulation of his world of experience. 

This may sound like a plunge into mysticism, but an example from 
another field will show that such self-regulation is a normal property of 
living things. Wilson and later Child (3) have crushed the tissues of 
sponges and hydroids, sifted the cells through sieves of bolting cloth and 
observed their later behavior. The cells are at first suspended independ- 
ently in the water, but may be brought into aggregates by settling or 
centrifuging. Starting as flat sheets, they round up into spherical masses 
and begin differentiation. Embryonic stages may be simulated and 
eventually adult individuals with characteristic structures, mouth, hypo- 
stome, tentacles, and stalk in normal relative positions are produced, 
In spite of the abnormal conditions to which it is subjected, the formless 
mass of cells assumes the structure characteristic of the species. Of course 
many abnormal forms appear, but even these follow the characteristic 
scheme of organization. 

Many lines of evidence show 


of morphogenesis and those of the o; 
In both we have given as the fundamental fact an organization which is 


relatively independent of the particular units of structure and dependent 
upon the relationships among the parts. In both there is a capacity for 
Spontaneous readjustment after injury, so that the main lines of organiza- 
tion are restored; in both there is evidence that every part may influence 
every other; in both there is a possibility of dissociation and independent 


activity. of some parts. 


a close parallelism between the facts 
rganization of the nervous system. 


The Mechanisms of Organization 

_ This brings us to the question of the mechanisms by which organiza- 

tion of behavior is brought about. There is, I think, nothing mysterious 
assume an emergence of new 


about the problem. There is no need to 
Properties, a transcendent influence of the whole upon the parts, a sub- 
Ordination of substance to form, or the like; there is certainly no need to 
look for nonphysical agencies. We are dealing with a complex system in 
which there is an influence of every part upon every other, with all 
grees of intimacy in the relations and various degrees of dominance 
and subordination. Our problem is to discover the ‘means by which these 
influences are exerted. 
. We have seen that the notion of isolated reflex paths, exerting mutual 
inhibition and facilitation and conducting nervous impulses over path- 
Ways determined by the specific resistance of synapses, is not only inade- 
quate to account for the simplest facts of behavior, but is also opposed by 
direct neurological evidence. The greatest progress in neurophysiology 
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within the past decade has been made in the study of conduction in 
peripheral nerves, but the results have as yet little bearing upon the prob- 
lems of central organization. At most they offer a basis for speculation 
concerning the behavior of nerve impulses at intercellular junctions, and 
recent negative results upon conduction with decrement throw some 
doubt upon the value of these speculations. Students of nerve conduction 
have taken for granted the doctrine of anatomical specialization, and their 
work has not been developed, in the direction of our problems, Lapicque 
(9) has recently pointed out some of the difficulties of the anatomical 
hypothesis and has suggested the substitution of temporal for spacial 
factors in organization, but the study of chronaxie is not far enough ad- 
vanced for application to the problems of psychology. The laws of con- 
duction in nerve fibers thus far revealed are not alone sufficient for an 
understanding of integration. The nervous unit of organization in behavior 
is not the reflex arc, but the mechanism, whatever be its nature, by which 
a reaction to a ratio of excitations is brought about. We have as yet no 
direct evidence upon this problem, but the similarities of the problems of 
nervous function and of growth should direct our interest toward the 
processes which have been found important in the control of structural 
development. 

The work of many students of experimental embryology has shown the 
importance of the restriction of gaseous interchange, of gradients in 
chemical diffusion, metabolic activity or rate of growth, the influences of 
chemical and electrical polarization and of the flow of action currents in 
determining the course of development. During its first differentiation 
the nervous system is subject to the same influences as any other devel- 
oping tissue and the mechanisms of diffusion and of polarization play an 
important role in the determination of its structures and inherent organi- 
zation. It would be strange if, with the completion of growth, these factors 
should no longer be important in the life of the cells. Rather, we should 
expect the neurons to be continuously modified by the same influences. 
The structure of the nervous system is such as to allow of this. The inter- 
connections of distant parts are well insulated, where correlated functions 
without influence of intermediate parts is required, but within the gray 
matter the cell bodies and processes are not so protected, They are directly 
exposed in a liquid medium capable of conducting diffuse chemical and 
electrical changes which may readily influence the excitability of the 
neurons. The arrangement of the gray matter in thin sheets and the pro- 
jection of the receptor and motor surfaces upon these sheets may have a 
real functional significance. Child (2) has shown that distance of separa- 
tion favors the development of independently polarized systems, and the 
arrangement of cell bodies in the gray matter offers the optimal condi- 
tion for this and for the development of systems in which the spacial 
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arrangement of stresses can be effective. Although the distant intercom- 
munications of cells may be solely through the conduction of nerve im- 
pulses, the more immediate coordinations within the gray matter may 
depend upon relative amounts of excitation, the spacial arrangement of 
excited points, stress patterns resulting from the total mass of excitation, 
which may be more important for behavior than the connections of indi- 
vidual cells. It is here, I believe, that we must look for the next significant 
development in our knowledge of the functions of the brain. 

Cerebral organization can be described only in terms of relative masses 
and spacial arrangements of gross parts, of equilibrium among the parts, 
of direction and steepness of gradients, and of the sensitization of final 
common paths to patterns of excitation, And the organization must be 
conceived as a sort of relational framework into which all sorts of specific 
Teactions may fit spontaneously, as the cells of the polyp fit into the 
general scheme of development. 

Such notions are speculative and vague, but we seem to have no 
choice but to be vague or to be wrong, and I believe that a confession 
of ignorance is more hopeful for progress than a false assumption of 
knowledge. 


Conclusion 

I have devoted my time ton 
Psychological, yet I believe that 
the progress of psychology. Cer 
to the present has been strongly infl 
frantic search for sources of motivatio 
though initiated by introspective analys 
that the nervous system is only a cond 
within itself, Our preoccupation with 
error, the denial of association by similarity, 
training can occur only through the training 


are a result of the belief that learning is si i 
elementary reflexes, The doctrine that the intelligent solution of problems 


results only through random activity and selection, and that intelligence 
itself is an algebraic sum of multitudinous capacities, is largely a deduc- 


tion from the reflex theory. 

I shall not pretend to evaluate such doctrines from the standpoint of 
Psychological evidence. They may or may not be true, but their truth 
must be demonstrated by experiment and cannot be assumed on a back- 
ground of questionable neurology. Psychology is today a more funda- 
Mental science than neurophysiology. By this I mean that the latter offers 
ew principles from which we may predict or define the normal organiza- 
tion of behavior, whereas the study of psychological processes furnishes 


ight to problems which are not strietly 
these problems are of real significance for 
tainly the development of the science up 
Auenced by neurological theory. The 
n and of emotion in visceral activity, 
is, has been supported by the faith 
uctor having no sources of energy 
analysis of learning by trial and 
the belief that transfer of 
of common synapses—these 
mply a linking together of 
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a mass of factual material to which the laws of nervous action in behavior 
must conform. 

The facts of both psychology and neurology show a degree of plasticity, 
of organization, and of adaptation in behavior which is far beyond any 
present possibility of explanation. For immediate progress it is not very 
important that we should have a correct theory of brain activity, but it is 
essential that we shall not be handicapped by a false one. 

The value of theories in science today depends chiefly upon their 
adequacy as a classification of unsolved problems, or rather as a group- 
ing of phenomena which present similar problems. Behaviorism has offered 
one such classification, emphasizing the similarity of psychological and 
biological problems. Gestalt psychology has stressed a different aspect and 
reached a different grouping; purposive psychology still another. The facts 
of cerebral physiology are so varied, so diverse, as to suggest that for 
some of them each theory is true, for all of them every theory is false. 
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14. THE MECHANISM OF VISION. 
I. A Method for Rapid Analysis of 


Pattern-vision in the Rat? 


Our knowledge of the character of vision in mammals below the primates 
is fragmentary and uncertain, Experimental studies have been limited to 
the carnivora and rodentia and the results which they have given, espe- 
cially in the studies of pattern-vision, are at variance both with the 
popular notion of vision in these animals and with what we should expect 
from the high degree of differentiation of the optic systems. 

The existing studies give little evidence that the rodents are sensitive 
to visual patterns. Yerkes (8) and Waugh (7) were unable to establish 
a differential reaction in mice to visual patterns. Lashley (3) succeeded 
in training rats to distinguish between horizontal and vertical lines, but 
failed to get discrimination of other patterns. Fields (1, 2) obtained 
discrimination of an upright and inverted triangle in the rat, but the 
significance of this as evidence of pattern-vision has been questioned by 
Munn (5), who found that Fields’ apparatus presented differences in 
size of the stimulus objects and who could not demonstrate discrimination 
when this element was controlled. During the past ten years I have 
trained six groups of rats for pattern-vision with various modifications of 
the discrimination box, continuing training for five hundred or more trials, 
but always with negative results. 

All of this work has been done with some form of the discrimination 
box and Fields has raised the question whether the failure to gain evi- 
dence of pattern-vision may not have been due to a defect in the method 
rather than visual defects of the animals. During the past summer I hit 
upon a method for testing vision in the rat which confirms Fields’ criti- 
cisms and reveals a capacity of the rat to discriminate visual patterns 
which is little inferior to that of primates. The results of the method call 
for a revision of our ideas of vision in lower mammals and offer possi- 
bilities for the study of many problems in the physiology of vision. 


1 EDITORS’ NOTE: From J. genet. Psychol., 1930, 37, 453-460. Reproduced by permission 
of The Journal Press, Studies from the Institute for Juvenile Research, ser, B, no. 157, Chi- 
cago. Herman M. Adler, M.D., director. 
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i The essential feature of the method is that it requires the animal to 
jump against the stimulus patterns from a distance, instead of to run past 
them, as in the discrimination box. A form of apparatus which has proved 
satisfactory is shown in Fig. 14.1. It consists of a screen of three-ply 
pine, 3 by 5 feet, having two square holes 5.5 inches (L and R) cut at 
a convenient height. The openings are at the same level and spaced two 
inches apart. Attached to the back of the screen, % inch below the lower 
edges of the openings, is a platform 
FP 12 inches wide which serves as a 
landing platform when the rat jumps 
through one of the openings. A cir- 
cular stand S is placed with the near- 
est edge 25 cm.? in front of the 
middle of the screen, and the animals 
are trained to jump from the stand 
through the holes to the platform FP 
where food is placed. A projecting 
sheet of metal M serves to deflect the 
rat through the openings in case he 
jumps too high and a net N catches 
him in case of a fall. The screen is 
painted black. 

The openings are closed with 
squares of heavy cardboard upon 
which the patterns to be discriminated 
are drawn or pasted. The cards are 6 
inches square and stiff enough to re- 
sist the impact of a heavy animal. 
They are held in place against the 
2 back of the screen by inserting the 
ae ee Apparatus used for test- lower edge in a shallow groove in the 
ferns, rn iti of visual pat-  food-platform and fixing the top 

explanation see text. either by a rigid turn-button or by a 

light spring. In training, one card, 

xed rigidly; the other is held by the 
against it the card falls back and al- 


Dearing the negative stimulus, is fi 
‘it Da that when the rat jumps 
Ws him to reach the platform. 


2 The 
yon: 
pic. The most distant adaptation is about 


€ pre ; 

jump sented in a later study of the structure a 

or the es more effective for the formation 0} s A 

distanse ority of tests. For questions like the relation o! 
es within the focal range have been used. 
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I have usually trained the animals by placing the stand against the 
screen and allowing the animals to step through the open holes to the 
platform, then gradually withdrawing the stand until, in ten to fifteen 
trials, the distance of 25 cm. is reached. Cards are then placed in position 
and training in discrimination begun. 


te) WV) 


Fig. 14.2. Pairs of patterns between which rats have been trained to dis- 
criminate. The cards bearing the pattems are 6 inches square. The patterns are 
drawn to scale. 
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Efficiency of the Method 

‚Errorless discrimination of each of the pairs of patterns represented in 
Fig. 14.2 has been obtained with relatively little practice, using pigmented 
animals. In comparison with results of training by the discrimination box, 
the method is extremely rapid. Table 14.1 compares the rates for learning 


Table 14.1. Comparison of the Efficiency of the Method of Jumping with the 
Discrimination Box in the Establishment of the Same Habits in the Rat 


Discrimination box ® Jumping } 
Stimuli Author Trials Errors Trials Errors No. cases 
eo EE eee 
Black vs. white Lashley (4) 128 42 4.3 0.7 33 


Horizontal vs. 


Vertical lines Lashley (3) 260 98 27.0 6.0 10 
Size of circles Lashley (3) 350-700 37.5 65 4 

triangles 
28.6 7.8 6 


(H, Fig, 14.2) Fields (1,2) 600+ 


° Fi f ; 
Figures represent practice to establish a record of 85 per cent correct choices. 
Figures represent] a record of 100 per cent correct. 


which have been tested with both the dis- 
crimination box and the jumping method. With the discrimination box a 
Consistent errorless record for pattern discrimination has never been 
Obtained, The figures given, except for black-white discrimination, repre- 
sent the practice required to reach an accuracy of 80 to 85 per cent, 
Which is actually little better than chance. The records for the jumping 
method represent practice preceding thirty or more successive errorless 
trials, which under most conditions is predictive of permanent accuracy. 

The variety of discriminations which the rat can make seems almost 
unlimited, and the directness of adaptation is surprising. Almost all 
Normal animals jump for the single white square (Fig. 14.2j) without 
training and several have chosen the horizontal lines in preference to the 
Vertical (Fig. 14.2i) with no error. Direct transfer, as from (h) to (c) 
or (g), is the rule for similar patterns. Of the patterns tested, (f), (b), 
and (d) seem to present the greatest difficulties for the animals. 


of different visual problems 


Validity of the Method F 
The marked difference in results attained by this and by previous 
methods calls for a careful analysis of the method for possible nonvisual 
£ ide against the common sources 


(S 
ues, The apparatus itself seems to prov! 
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of error. The screen framing the patterns is fixed and offers no cues as to 
the right or left position of the fixed card. The cards fit closely against 
the back of the screen, the room behind is dimly lighted, and the screen 
is observed by reflected light, so that leakage of light, so difficult to 
control in the discrimination box, is ruled out. 

Most of the cards bearing the pairs of patterns are interchangeable by 
rotation, so that either card may be used to present the positive or nega- 
tive pattern. Neither this change nor the substitution of new cards has ever 
disturbed discrimination. The animal must choose between the cards 
while at least 20 cm. from them. Thus tactile and olfactory cues are 
effectually ruled out. 

There remains only the possibility of cues from the behavior of the 
experimenter. In training series, the experimenter sets the cards while the 
rat eats, then tosses it around the right side of the screen to the stand, 
and steps back behind the screen where he remains, ignorant of the 
animal’s actions, until it leaps against the screen. I have varied this pro- 
cedure in many ways but have not succeeded in disturbing the accuracy 
of discrimination. The following formal tests of the validity of the method 
have been made. 

1. Two rats which had served in a long series of tests, each making 
more than a thousand correct discriminations of various patterns, were 
blinded by enucleation of the eyes. Before the operation their average 
time for jumping after return to the stand was less than two seconds. 
After blinding, neither could be induced to jump. If the stand were 
placed near the screen they would step through the openings, so long as 
these were in reach of vibrissae and not closed by cards. With the cards 
in place the edges of the openings seemed not to be identified. With the 
stand beyond reach of the screen the animals reached out in every direc- 
tion but were completely disoriented with respect to the position of the 
screen. They were tested at frequent intervals for a month after opera- 
tion. During this time one of them jumped once, after much urging, and 
missed the screen entirely, 

2. The openings were closed with fresh white cards, held only by the 
springs. The room was darkened and patterns (h) and (i) of Fig. 14.2 
projected on the cards from a lantern placed above and behind the stand. 
Four animals previously trained with these patterns painted on the cards 
were tested. Each made no error in twenty trials. 

3. Two animals trained on triangles (h) were tested by an assistant 
who did not know which of the patterns had been positive during train- 
ing and who set both cards with the spring. No errors were made in 
these tests. 

4, Animals trained with lines (i) were returned to the home cage 
during each setting of the cards and the experimenter hastened from the 
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nn after tossing them to the stand. No errors were made in these 

In general, no change in the routine of training or in the nonvisual 
elements of the situations has produced any disturbance in the accuracy 
of discrimination. On the other hand, any change in the visual pattern 
results in long hesitation, or inaccurate responses, and only chance scores 
are obtained with cards bearing identical patterns. 

Finally, the most conclusive evidence that the discriminations are 
based upon visual pattern is the consistent character of the results obtained 
in tests for thresholds and for central nervous functions. All pigmented 
animals trained with striations of variable width (Fig. 14.2i) fail to 
discriminate when the lines are reduced to a width subtending about 57’ 
of are at 25 cm. With a shorter jumping distance these same lines are 
discriminated. With finer lines training to 300 trials does not improve 
the score above chance. Animals with destruction of the lateral geniculate 
vith extensive lesions in the area striata jump 
ave a lesser acuity than pig- 
to patterns, and acuity cor- 
measured directly. 


bodies will not jump. Those v 
but do not discriminate patterns. Albinos h 
mented animals, as measured by reactions 
responds closely to the resolving power of the eye, 

It will now be profitable to discuss the nature of the rat’s vision for 
patterns, The roles of distribution of masses of light, of acuity for isolated 
elements, of the relation of figure and ground, of direction and movement, 
of configuration, of generalizing relations in the perception of objects are 
largely unknown even in human vision. I have accumulated a considerable 
amount of material which still serves only to emphasize the complexity of 
the problem. However, the method seems rapid and accurate enough to 
Permit of a profitable attack upon questions of the organization of the 
Visual field and of an analysis of the function of central nervous struc- 
tures in various types of visual response. 


Summary 

Apparatus requiring the rat to jump from a distance upon the stimulus 
Patterns induces a rapid formation of habits of reacting to the visual 
elements of the patterns. Controls show that the discrimination cannot be 


aseri > 
ribed to nonvisual cues. 
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15. INTEGRATIVE FUNCTIONS OF THE 
CEREBRAL CORTEX' 


Bubnoff and Heidenhain (15) formulated the general principle that in 
investigations of the physiology of the nervous system every conscious 
Process must be ruled from consideration unless it can be translated into 
objective terms. Pavlov (131) adopted the same view and has consistently 
maintained that “there is no need for the physiologist to have recourse to 
Psychology.” From the standpoint of explanatory formulations, the validity 
of this principle cannot be seriously questioned. Psychological studies 
have resulted in the formulation of many generalizations, but attempts to 
build up systems based on “psychic causality” have not provided a satis- 
factory basis for a science. It is now increasingly, if not universally, ad- 
mitted that the causal relations underlying these generalizations are to 
be sought in the activities of the brain. There are, however, many facts 
Concerning the behavior of the organism which at present are expressed 
only in psychological terms and which must nevertheless be considered 
in any attempt to describe the activities of the brain or to understand the 
general principles of its organization. re! 
hysiological theories of cerebral function have been derived in large 
Part by inference from studies of nerve-muscle or of spinal preparations, 
lacking those very traits of behavior (learning and intelligent adaptation) 
which characterize the animal with intact nervous system and which are 
of primary importance in all its normal behavior. For all studies of nervous 
integration the correlation of excitation and reaction has been the most 
valuable research tool available. Direct measurements of electrical changes 
and the like have revealed something of the nature of the propagated dis- 
turbance, but even the concept of the reflex is based upon the stimulus- 
response relations within isolated segments, rather than upon any direct 
observations of what goes on within the integrating system (155). A large 
Part of the data of psychology is based upon attempts at exactly the same 
Sort of analysis of stimulus-response relationships. The chief method of 
Physiological investigation of the nervous system is therefore not logically 


1 EDITORS’ > 1-42. Reproduced by permission of the 
5 NOTE: . Rev., 1933, 13. . Rep ed by i 
American P hysiological Society, From department of psychology, University of Chicago. 
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prior to that of a behavioristic psychology. The greater scientific impor- 
tance of the physiological studies lies rather in the simplicity of the condi- 
tions imposed and the consequent greater probability of a correct analysis 
of the data. 

This very simplicity of the situations studied may result in a failure to 
consider problems which are fundamental for the behavior of the intact 
organism. Psychological studies reveal many instances of behavior which 
seem to involve principles of integration not thus far established for the 
activities of the decerebrate preparation and which seem out of harmony 
with concepts of neural integration derived from studies of lower centers. 
Boring (13) has stated the problem clearly. 


The physiologist holds to the faith that the brain, being made up of neurons, 
is capable only of that excitation which is the sum of the excitations of many 
neurons, and that these central neurons obey the same laws and are excited 
under the same limitations as apply to the peripheral neurons which have been 
experimentally studied. To this article of faith the psychologist sometimes 
opposes another belief, that the organization of cerebral excitation corresponds 
to the organization of phenomenal experience. 


That there is any essential contradiction between the established facts 
of nerve conduction and the phenomena of complex behavior cannot be 
maintained by anyone interested in the progress of natural science, but 
the extent to which the concepts of cerebral function derived from studies 
of lower centers are adequate to account for the facts of behavior can 
be determined only by a more complete study of the problems of behavior 
and by direct experimental tests of the explanatory concepts. 

Clinical observations and experimental studies with animals provide the 
two principal sources of more direct data upon the activities of the cere- 
bral hemispheres. The clinical facts are exceedingly complex and the 
possibilities of anatomical correlations distinctly limited. With animals 
the anatomical control may be far more perfect, but in the earlier work 
this advantage was counterbalanced by the difficulties of interpreting 
behavior. The past thirty years have seen marked development in the 
methods for studying animal behavior, of which little advantage has as 
yet been taken for neurological studies. 

The object of the present review is to formulate some of the significant 
problems on the border line between psychology and neurology which 
may be attacked by experimental methods now available for study of 
animal behavior, and to summarize experimental data which bear most 
directly upon these problems. The subject of cerebral localization has 
been very adequately treated by Hines (63) and by Graham Brown 
(52) and will be touched upon here only where it bears upon the prob- 
lems of cerebral integration. Klüver's review of the literature on visual 
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disturbances (76) and Goldstein’s discussions of aphasia (46, 47) deal 
with clinical aspects of many of the problems discussed here. 


Limitations and Possibilities of Method 

The development of techniques for the study of animal behavior since 
the first quantitative work of Thorndike in 1898 has opened many possi- 
bilities for correlated studies of behavior and neurology. Methods are 
available for the measurement of activity (141, 142, 156, 166), for a com- 
parison of the effectiveness of incentives (125, 178), for estimation of 
individual differences in certain reactions termed emotional (163, 182), 
for determining sensory capacities by the conditioned-reflex method of 
Pavlov (131) and the discrimination method of Yerkes and Watson 
(184), for measuring the rate of acquisition of many varieties of habits, 
With a number of standardized tests worked out chiefly for the rat and 
monkey, and for direct adjustment to many situations, comparable to 
problems requiring reasoning and understanding of relations by man 
(179, 183, 81, 70, 79). 

The chief difficulties in the studies of behavior arise from uncertainty 
as to the validity of the tests, a handicap shared almost equally by animal 
and human studies, The development of quantitative psychological tests 
for various activities is bringing about a change in the fundamental con- 
ceptions of the organization of psychological traits which is the most 
Significant phase of current work. In attempts to measure individual 
differences, it has been a general experience that the activities or traits 
which were grouped together in the classical and popular categories of 
Psychology (perseverance, emotionality, intellect, and the like) often 
Show a degree of independence which is inconsistent with the assump- 
tion that they are products of a common causal agent. Groups of activities 
do show a high degree of intercorrelation, indicative of a common de- 
termining factor, but these groupings are So far from coinciding with the 
older classification of traits that it has seemed better to investigators to 
‚esignate them by letters, than to attempt to fit them into the older classi- 
fication, Thus we have Intellect CAVD (169), traits g, C, w, ete. (157), 
instead of the familiar terms. A test may correlate with g, which in turn 
Correlates with ability in handling school subjects, but such ability may 
> independent of ability in handling mechanical problems and both 
independent of ability to make an intelligent adjustment to social 
Situations, 

A This means that the validity of the t 
5 “I results justify any generalization 
re intended to measure must be defined : 
k at the tests actually do measure the functi 
vho have reported intellectual defects after 


ests used must be established before 
s: that is, the functions which they 
and it must be demonstrated 
ons. Bianchi (10) and others 
frontal lobe injury have 
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stressed silly behavior, Witselsucht, which is perhaps an inadequacy of 
social adjustment, whereas Feuchtwanger (27) and others who report 
normal intelligence have used tests which probably correlate with the 
group termed g. The controversy has arisen at least in large measure from 
a failure to recognize the probable diversity of the functions included 
under the popular term “intellect” and the inadequacy of the tests to 
measure all of these functions. 

In experimental studies with animals the validity of the tests comes 
still more in question, so that it is scarcely safe to say that a test measures 
anything more than performance in the test itself. There is a high correla- 
tion in performance in certain tests, such as the learning of different mazes 
(107, 108, 164, 174), which justifies some generalization concerning maze- 
learning ability, but even here we do not know whether we are measuring 
fixation in memory (the ekphorie of Semon, 153), or some process akin 
to the solving of puzzles (insight, Köhler, 82). 

On the physiological side, the methods for direct study of cerebral func- 
tion present equal difficulties of another character. We are still largely 
restricted to methods available to the workers of the nineteenth century. 
The direct measurement of electrical changes in the cortex with the de- 
velopment of amplifying and recording instruments may revolutionize 
cerebral studies, but thus far has not given indication of differentiae which 
are useful for interpreting cerebral mechanisms (2, 171). Whether this is 
due to inadequacies of technique or to some fundamental property of 
the cortex remains to be determined, but leaves us still with stimulation 
and extirpation methods as the chief means available for direct study of 
cortical function. 

Stimulation of the cortex in animals permits the designation of some 
areas which seem to be more intimately concerned with movements than 
are other areas, and in the hands of Sherrington and his co-workers has 
revealed something of the patterns of organization elaborated at different 
levels and of the mutual facilitation and inhibition of different areas. 
Stimulation of conscious human subjects further reveals cortical fields 
within which sensory elaboration occurs. The strychninization method of 
Dusser de Barenne (23) has given some similar data for animals. These 
methods, however, seem limited to revealing rather isolated functions, 
and extirpation remains the principal method available for gathering data 
upon the röle of the cortex in the more complex adaptive reactions of the 
animal to its environment. 

The interpretation of results obtained by the extirpation method pre- 
sents peculiar difficulties. Following operations, symptoms may arise not 
only as a result of the simple absence of functional tissue, but also from 
derangement of the functions of the remaining tissue as in shock, general 
circulatory and nutritive changes, physical or chemical effects of necrotic 
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or scar tissue, and the indirect depression of diaschisis. As Monakow 
(123), Pavlov (131), and many others have pointed out, the immediate 
symptoms are an unreliable index of the functions of the area destroyed. 
Upon the just ascription of symptoms to these various agencies depend 
important points in the interpretation of cerebral functions. Surgical 
shock, circulatory changes, and irritation may be controlled with con- 
siderable certainty by following changes in symptoms over a sufficiently 
long time, while precluding the possibility of relearning or of normal 
forgetting, The control of diaschisis is more difficult since the concept is 
not very clearly defined. 

Diaschisis and Reeducation. Von Monakow’s theory of diaschisis puts 
Serious difficulties in the way of any attempt at experimental analysis of 
cerebral mechanisms, Briefly, the theory embodies the following points: 
(a) Destruction of a cortical area may result in symptoms which are due 
to the withdrawal of facilitation from some other area and the resultant 
inadequacy of functioning of that facilitated area. (b) Areas subject to 
such diaschisis effects recover their functions spontaneously, but no limit 
can be set to the time required for such recovery. (c) Only such functions 
as are permanently impaired can be ascribed to a destroyed area, 

This theory casts doubt upon the validity of any experiment involving 
reeducation unless it can be shown that the functions studied do not 
recover spontaneously but do recover under the influence of training. 
Adequate controls of spontaneous recovery have been reported in few 
Cases. Oden and Franz (127) destroyed the precentral gyrus in three 
thesus monkeys, left one untreated, gave the second passive massage, and 
the third compulsory use of the hemiplegic arm, repeating the experiment 
With the second motor area after recovery from the effects of the first 
Operation. They found scarcely any spontaneous recovery, whereas com- 
Pulsory use was followed by nearly complete recovery within a few 
Weeks, Lashley (93) varied the interval subsequent to destruction of the 
area striata at which retraining in the habit of reacting to light versus 

arkness was begun. One group, started on the seventh day after opera- 
tion, had practically reacquired the habit by the fourteenth day. A second 
group, started on the fourteenth day, began at the level of efficiency 
shown by the first group on the seventh day. As in the study of Oden 
and Franz, retraining produced recovery which did not occur spon- 
taneously in the absence of special training. A number of experiments, 
Such as those of Trendelenberg (172), reveal recoveries ensuing promptly 
Upon the forced use of paralyzed organs, after long periods in which no 
Improvement was observed. À good bit of material in human reeducation 
indicates the same dependence of recovery upon training, but lacks rigid 
Controls (Franz, 30; Graham Brown and Stewart, 55). The evidence 
Seems conclusive that some functions lost through cerebral injury may be 
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recovered as a result of special training and that these functions are not 
recovered spontaneously in the absence of training. Two questions at once 
follow this fact: by what neural changes is such recovery brought about 
and what are the limits of recovery for any function? 

The Mechanism of Recovery through Reeducation. The manner in 
which the retraining is effective offers in each case a special problem. 
There seem to be at least three possibilities which must be tested: (a) 
Learning to get along without the last functions. (b) Vicarious assump- 
tion of the functions by neural structures not previously utilized in the 
functions. (c) A reorganization within the system of which part has been 
destroyed, such that there is compensation for the loss. 

The first of these possibilities is illustrated by the recovery from circus 
movements reported by Luciani (112) after cerebellar unilateral lesions. 
The dogs learned to walk in a straight line by altering the postures of the 
fore- and hind legs as might an animal with a mechanically imposed spinal 
curvature. Maze running of rats with extensive cerebellar destruction (104) 
in which animals practically rolled through the maze is a similar in- 
stance. Bethe (7) has reported studies of reorganization of gait following 
amputation of one or more limbs in invertebrates and in mammals. He holds 
that with the removal of the limbs there is an immediate reorganization 
of the sensory-motor, system such that adequate walking movements, 
which have no counterpart in the integration of the normal animal, are 
made. In his cases, substitute activities are obvious; the problem is to 
determine whether they are learned, or acquired by some spontaneous 
central reorganization. 

In studies of less objective or overt behavior it is more difficult to detect 
substitute activities or to rule them out as a factor in recovery of functions. 
The question has been raised (48) whether injury to the nervous system 
is ever followed by a genuine restitution of functions or whether all cases 
of recovery under reeducation do not represent the adoption of some 
roundabout method of achieving the same end, such as in Bethe’s studies 
or in the development of pseudofovea. It is very difficult to obtain con- 
clusive evidence upon the question, for the answer in any specific case 
depends upon opinion as to the exact nature of the defect. Recovery from 
cerebral paralyses with acquisition of the use of specific muscles seems 
to constitute the best evidence for genuine restitution, but even this is 
not crucial, if the initial loss of use is ascribed in part to sensory defect. 
Loss of habits resulting from cerebral injury and their subsequent forma- 
tion at a rate and with objective performance identical with their pre- 
operative formation argue for a restitution rather than a substitution of 
functions. Formation of motor habits has been reported by Graham 
Brown (51), Trendelenberg (172), and Lashley (91) after destruction 
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5 es ota cortex. Lashley (89) found that after the complete destruc- 
e area striata, habits based on the discrimination of light and 
darkness were abolished but could be reformed at exactly the same rate 
as the original formation in normal animals, and seemed to be performed 
in the same way. 

The clinical literature includes many cases of recovery from amnesias 
with retraining (34, 35, 57) and of improvement in other functions (55), 
which can be understood only in terms of some genuine restitution of 
functions. i 

The Problem of Vicariou 
that the recovery of functions lost 
due to the assumption of the functi 
not originally mediate the activities. 
gested this hypothesis as a possible expl 
control in the dog after extirpation 0 
hemisphere, assuming that the motor cortex of the other hemisphere 
assumed the lost functions. They put the hypothesis to experimental test, 
removing the remaining motor cortex in a second operation, and obtained 
the usual crossed paralysis with no recurrence of symptoms on the side 
of the second operation. This negative result has been confirmed by a 
number of investigators both for the dog (20) and for primates (172, 
127, 109, 91). In no case has a recurrence of the motor symptoms pro- 
duced by the first lesion been reported to follow the destruction of the 
corresponding area of the opposite hemisphere. 

A few tests have dealt with the assumption of functions by adjacent 
parts of the same hemisphere. Franz (31) reported loss of latch-box 
habits after destruction of the frontal pole in the cat with relearning and 
a second loss following destruction of an area just back of the first lesion. 
He did not control these results by lesions in other parts of the cerebrum 
and recent work suggests that loss of such habits may follow lesions any- 
Where within the hemispheres, SO these experiments cannot be accepted 
as demonstrating vicarious function of an adjacent area. All other similar 
experiments have given negative results. Leyton and Sherrington (109) 

estroyed small areas in the precentral gyrus of chimpanzees and after 
recovery from the local paralyses extirpated surrounding regions and 
Portions of the postcentral gyrus. In no case did they get significant recur- 
rence of the original paralysis. Lashley (89) destroyed the area striata 
in fourteen rats, This lesion invariably causes loss of preexisting habits 

ased on the discrimination of light and darkness. He next trained the 
animals until accurate discrimination of light and dark was obtained and 
then destroyed one-third of the remaining cortex in each animal, covering 
all parts of the cortex in different animals of the series. Nearly perfect 


s Functioning. It has generally been assumed 
after destruction of cerebral areas is 
ons by other cerebral areas which did 
Fritsch and Hitzig (38) first sug- 
anation of the recovery of motor 
f the stimulable cortex of one 
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retention of the habit followed lesions in all parts of the remaining 
cortex. No limited part of the remaining cortex assumed the function of 
the lost striate area. 

Arguing from the embryology of the motor cortex that the caudate 
nucleus might have a related function and be capable of vicarious substi- 
tution for the motor cortex, Lashley (91) removed the precentral gyrus 
in a cebus monkey and after improvement in the consequent paralysis 
destroyed the greater part of the caudate and the head of the lenticular 
nucleus. A typical lenticular syndrome resulted but without recurrence 
of the hemiplegic symptoms. 

In several experiments with nerve suturing, the motor nerves have been 
transferred from one side of the body to the other (6, 129, 74). On later 
stimulation of the motor cortex, Bethe obtained coordinated movements 
of all the joints of the limb although different segments of the limb were 
innervated from different sides of the cord. In other investigations stimu- 
lation of the motor cortex after nerve crossing has given evidence only 
of the connection of the crossed nerves with the originally contralateral 
motor area, These experiments have been cited as evidence for vicarious 
functioning, but the reorganization of coordinations in such cases does 
not necessarily involve anything more than such changes in function as 
underlie all learning. In fact, the experiments do not even demonstrate a 
change in the functions of the motor area, since we do not know its 
normal function in the movements of progression. A reorganization of 
some portion of the motor system is implied but this presents a some- 
what different problem from that of vicarious assumption of functions by 
centers which have not previously been concerned in the functions, 

In every case where a localized area functioning vicariously has been 
sought, the experiments have given only negative results, The number and 
variety of such experiments is not great enough to justify a denial of the 
principle of vicarious functioning, but does point to the necessity for 
further experimenting before the use of the principle as an explanation of 
recovery can be accepted. 

The alternative to vicarious functioning is a reorganization within a 
dynamic system of which only a part has been destroyed. Such an 
hypothesis has been proposed as a substitute for the doctrine of specific 
centers in spinal integration. Bethe (8), citing his own work and that 
of Buddenbrock (16) on spontaneous reorganization after amputation 
of limbs in arthropods, assumes that coordination in walking is not due 
to specifically localized centers but is the product of relative intensities of 
excitation, aroused by muscle tensions, within a relatively undifferentiated 
system. Change in coordination follows spontaneously upon any change 
in relative masses of excitation within different parts of the system. 
Direct evidence in support of such a theory is lacking. 
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The Limits of Recovery. Some improvement in function seems possible 
after any injury in the central nervous system provided adequate means 
of retraining are used, but the limits to improvement set by lesions of 
various sorts have rarely been tested, and few generalizations are possible. 
There are marked interspecies differences, as in severity of paralysis (143), 
so that generalization from one form to another is unsafe. 

In interruption of spinal tracts, the residual sensory defects seem always 
more severe than the motor, at least in forms below man, although there 
are always some residual motor symptoms. With cerebral lesions, sensory 
defects also present the least possibility of improvement. Scotomas from 
extensive lesions to the primary visual areas are permanent in many 
species (rat, Lashley, 100; dog, Minkowski, 121), and such improvement 
as appears is due to substitution of function (48). Defects in other less 
highly differentiated areas or in areas with bilateral representation of 
the receptors, as the somesthetic, show a greater capacity of improve- 
ment (28), Pronounced improvement after destruction of the motor cortex 
is reported for all forms from the rat to man, but even in the rat there are 
Permanent residual symptoms such as determination of the preferential 
use of one fore paw, after unilateral lesion (133). 

For functions further removed from the sensory-motor level the possi- 
bilities of recovery are greater. Limits of improvement seem to be set by 
the extent of injury and by the complexity or psychological difficulty of 
the problem (Lashley, 94, rat; Jacobsen, 70, monkey; von Monakow, 123, 
man). The meager data on reeducation do not permit any wide generali- 
zations. The difficulties of interpreting the results of extirpation experi- 
ments and the more essential controls of disturbing factors are illustrated 

y the foregoing discussion. Few investigators have attempted any sys- 
tematic study of such factors and the great body of work upon cerebral 
localization is consequently inconclusive. The conclusions drawn in the 
following sections must be regarded as tentative, pending further analysis 
Of the rôle of diaschisis and of general circulatory and nutritive disturb- 


ances in the production of postoperative symptoms. 


Cerebral Function in Instinctive Behavior 
The majority of problems of cerebral function center around activities 
Which are known to have been acquired through some learning process 


Andithe opinion has been expressed that the cerebrum is not essential for 
arned or instinctive activity (124). Very few 


the performance of any unle j ; 
cortex in instinctive behavior and 


Studies have dealt with the röle of the > 
the problem is greatly complicated by the difficulty of ruling out an ele- 


ment of learning in the acquisition of all activities (see, for example, the 
analysis of the pecking reaction of chicks by Breed, 14, and Bird, 11). ; 
Many of the reactions which are judged to be instinctive persist in 
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the decorticate animal. Rogers (144) finds that the activities of mating 
and rearing the young by pigeons are carried out in a nearly normal 
manner after decerebration. Shaklee (154) reports that decerebration 
abolishes the drinking reaction of chicks but leaves pecking undisturbed. 
He interprets this in terms of later phylogenetic acquisition of drinking. 
In decerebrate mammals the range of activity is less than in birds. All 
writers (24, 50, 146, 185) have reported loss of feeding reactions (taking 
food into the mouth and passing it back to the pharynx) after decerebra- 
tion, with later recovery in most animals. 

Mating reactions, at least in male dogs, seem to be permanently 
abolished (148). Instinctive reactions other than sexual have scarcely 
been studied in mammals. Patterns of movement and visceral reactions 
corresponding to emotional behavior of the intact animal have been 
reported in decerebrate cats (1) and dogs (148). Sleep is normal except 
for lack of diurnal rhythm (75). 

The sex activities of the rat are the only mammalian instincts which 
have been subjected to careful analysis from the standpoint of origin, 
adequate stimulus, and other determining conditions (159). Stone has 
found that destruction of large areas of the cortex in the rabbit produces 
no disturbance in mating behavior (162). I have observed that nearly 
complete decerebration in the male rat abolishes the reactions to the 
female in heat. Lack of recognition of the adequate stimulus seems to 
be the primary factor in the loss, but it is also possible that the poor 
physical condition of the animals suppresses the sexual drive (160, 161). 

Unpublished observations by Stone and the writer indicate that the 
more complicated activities involved in rearing the young (nest building, 
collecting and cleaning the young, nursing, etc.) are interfered with by 
cerebral lesions and that the behavior is progressively simplified with 
increasing size of lesion. 

The evidence seems quite conclusive that such complex integrations as 
those involved in recognition of the female in heat and the selection of 
nest material develop independently of individual experience and there 
are indications that in mammals they cannot be performed in the absence 
of large portions of the cerebral hemispheres. This implies that some 
instincts, which seem to be those requiring accurate differentiation of 
stimuli, are dependent upon cortical mechanisms. Whether this depend- 
ence implies that the necessary integrations are carried out within the 
cortex, or only that severe diaschisis of subcortical centers after decere- 
bration persists indefinitely, remains uncertain. 


Cerebral Function in Learning 


The importance of the cerebral hemispheres for the learning process is 
obvious from a large number of experiments, but little has been revealed 
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concerning the nature of its activities in learning. The demonstration of 
the formation of complex habits in arthropods (175, 37, 152), molluscs 
(54), and perhaps still lower invertebrates shows that typical cerebral 
for learning. Nor is there any evidence that 
the rate of acquisition of the simplest associations increases with the 
development of the vertebrate nervous system. On the other hand, the 
range of activities and the complexity of relations which can be com- 
bined in habits increase pari passu with development of the cerebral 


hemispheres (95). 

Burnett (17) attempted to train decerebrate f 
which was easily learned by normal animals. His results were entirely 
negative. His operations may have involved injury to the optic lobes. In 
birds, several investigators report the acquisition of simple habits after 
removal of the cerebral hemispheres, if the striate nuclei are retained. 
Treves and Aggazzotti (173) trained a decerebrate pigeon to find its 
way back to its perch and found that the habit was retained for several 
weeks without practice. Rogers (144) observed the combination of 
isolated sexual reactions into the mating cycle in decerebrate pigeons 
and failed to get the integration after injury to the hypostriatum. Gem- 
elli and Pastori (41, 42) trained fowls in color discrimination and re- 
port a partial survival of the habit after decerebration with further 
improvement under practice and a subsequent, unexplained deteriora- 
tion, 

With decerebrate mammals the results have been for the most part 
negative or difficult to interpret. Improvement with practice in a number 
of simple activities has been re vith these it is difficult to 


ported, but v 
determine whether the improvement represents learning or the spon- 
taneous recovery of reflexes. Goltz (50) found that following operation 
food must be placed in the pharynx to induce swallowing but that gradu- 
ally the dog came to pass food back from the jaws and ultimately to seize 
it when placed in contact with the lips. Rothmann (146) has reported 
Similar observations. He also described an experiment in which the fore- 
feet of his dog were placed on a chair and the chair drawn along the 
fl oor. At first “the animal made no effort to follow. With practice he 
leamed” to step with his hind feet, following the movements of the chair. 
In later experiments his dogs came to leap over a hurdle, and sit up when 
Supported against a wall (148). The observation 


structures are not necessary 


rogs ina simple maze 


s of Buddenbrock (16) 
and of Bethe (7) suggest that this sort of adaptation may be due to 
oo i * 
changes in postural tonus which are not comparable to learning. Tias 
experiments, involving merely restitution of primitive ge a o 
7 i rs. a mann 
doubtful value as evidence of learning by lower — or, u ei i. 
Pointed out, the improvement may represent only the recov ery 8 = ex 
mechanisms from a depression following the operation, with no involve- 
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ment of associative mechanisms. On the other hand, they may be in- 
stances of genuine learning. 

Head and Riddoch (58) report an apparent conditioning of the bladder 
reflex in patients with complete section of the spinal cord, but the same 
objection applies to this evidence as to restitution of functions in decere- 
brate animals. 

Ingebritsen (69) attempted to establish conditioned reflexes in the hind 
legs of rats with spinal sections. He used animals with complete section 
in the thoracic region and others with two hemisections separated by 
about four spinal segments, attempting to associate an avoiding reaction 
of the foot with light contact on the thigh. No indication of conditioning 
appeared in animals with complete transection. Unstable and irregular 
reactions appeared in animals with double hemisection, which indicated 
an increased excitability to tactile stimuli after protopathic stimulation. 

Few systematic attempts to establish more complex habits in decere- 
brate mammals have been made. Goltz (50) tried to train his dog to back 
out of a stall, but gave up training after a few unsuccessful trials. Kleit- 
man and Camille (75) interpret the irregular periods of activity in decere- 
brate dogs to a failure to form habits of diurnal activity. In a series of 
papers Zeliony (185) reported negative results in attempts to establish 
conditioned reflexes in decerebrate dogs, but more recently Poltyrew and 
Zeliony (138, 139) have succeeded in establishing a conditioned motor 
reaction to the sound of a whistle and also a differential reaction to another 
sound, and in two cases a further response to the lighting of an electric 
lamp. Necropsies of the animals have not been reported, but the descrip- 
tions of operations indicate that at most only small basal portions of the 
temporal lobe remain intact. The authors find that very strong stimuli are 
required to establish the conditioned reaction. 

From the results with decerebrate animals we can infer little as to the 
modifiability of subcortical mechanisms in the intact animal. It may be 
that the removal of the cortex decreases the plasticity of lower centers by 
withdrawing some nonspecific facilitation, which under normal conditions 
permits learning without actually contributing to the specific integrations. 
Such a view is supported by the results of Ingebritsen (69) on learning 
after double hemisection of the cord, and by the observations of Lashley 
(93, 94) that the formation of some habits is closely dependent upon 
the mass of cortical tissue available, irrespective of its specialized char- 
acter. Crucial experiments are lacking. 

The Reduction of Automatized Habits to Subcortical Levels. There is 
a widespread belief (124, 31) that continued practice results in the 
formation of subcortical associative connections such that habits which 
originally involved the cortex are carried out wholly by lower centers. 
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The belief is based by Morgan on the following argument: all cerebral 
activities are conscious; long-practiced habits become unconscious or 
automatic; therefore they are no longer executed by cerebral mechanisms. 
The major premise is questionable or meaningless and the argument is 
not valid. The clinical evidence sometimes advanced in support of the 
claim that old habits survive injuries which abolish more recent ones is 
not conclusive because the activities compared differ in many other 
respects than recency of acquisition. Lashley (87) has attempted to test 
the question experimentally. He gave rats 1200 trials of overtraining in a 
simple habit of reacting to light. With this amount of training the behavior 
of the animals indicated automatization. Removal of the striate area of the 
Cortex resulted in a recoverable loss of the habit precisely as in animals 
Without overtraining, This is the only direct evidence bearing upon the 
Question and opposes the doctrine of reduction of automatized habits to 
subcortical levels. 

The Conduction Pathway in Habit. On the assumption that the habit 
mechanism consists of definite and anatomically localized reflex pathways 
from receptor to effector, a few attempts have been made to trace such 
Paths through the nervous system. Lang and Olmstead (83) established 
an association between an auditory stimulus and an avoiding reaction in 
the left hind leg in dogs. After section of the right half of the cord, the 
reaction did not reappear on recovery of motor control of the hind legs, 

ut could be reestablished by retraining. The authors conclude that 
cutting of the sensory path for pain abolishes the reaction to auditory 
Stimulation, and speculate concerning the necessity that the entire uncon- 
itioned reflex are remain intact in order that the habit be maintained. 
They did not, however, control the normal loss of such reactions through 
w sufficient time without retraining to eliminate 
he operation as possible causes of the loss of 
unction. The fact that the conditional respiratory reflex persisted suggests 
t at depression of motor centers below the lesion was an important factor 
in their results. Lashley and Ball (102) found survival of orienting control 
of the limbs required for maze running after cervical section of the entire 
dorsal or of both lateral funiculi of the cord, and Ingebritsen (69) 
Obtained similar accurate orientation after a double hemisection of the 
Cord at the second and fifth cervical levels, in which no more than a small 
Portion of the tracts of the ventral funiculus remained uninterrupted. 
i ur most complete experimental data upon the afferent paths in learn- 
ng and maintenance of habits are derived from studies of vision in the 
sat (86, 89; 92, 93, 94, 96, 100, 36, 106). The principal findings are 
riefly the following: m 
l. The habit of entering an illuminated and avoiding 


R of time, or allow s 
„ general depression from t 


a darkened alley 
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in the Yerkes discrimination box is formed with equal rapidity by normal 
animals and by animals lacking the striate area, or any other part (up to 
at least 60 per cent) of the cerebral cortex. 


sd 


Trials Errors 

Average of 98 normals 131 43.8 
Average for 113 animals with extensive 

to complete destruction of area striata 123 40.6 


2. Destruction of the striate areas in animals previously trained pro- 
duces complete amnesia which does not recover spontaneously. Destruc- 
tion of other parts of the cortex, even adjacent to the striate areas, does 
not disturb the function. 

3. Animals with postoperative loss relearn the habit as rapidly as do 
normal animals. 

4, The amount of training required is closely proportional to the 
amount of tissue destroyed, provided that there is some invasion of the 
lateral portions of both striate areas (correlation ratio equals 0.84). 

5. Partial interruption of the optic radiations does not produce a pro- 
portionate loss of the habit. 

6. When the habit is formed in the absence of the striate areas, sub- 
sequent destruction of any third of the remaining cortex does not seriously 
disturb the habit. 

7. Animals trained in this habit with one eye blindfolded discriminate 
correctly when the blindfold is transferred to the other eye. This transfer 
takes place as readily in the absence of the striate areas. 

8. Injuries to the superior colliculi retard the formation of this habit, 
somewhat in proportion to the extent of injury. 

9. The formation of habits based upon pattern vision is not retarded 
by destruction of the colliculi. 

10. Complication of the habit by requiring the discrimination of two 
lights approaching threshold difference results in a marked slowing of 
initial learning in animals lacking the area striata, although their threshold 
for brightness may be as low as that of normal animals. 

11. Destruction of the striate areas in animals previously trained in this 
habit results in complete amnesia. Partial destruction of the areas some- 
times seems to abolish the discrimination of two lights without markedly 
reducing accuracy in reacting to one light alone. 

12. The degree of disturbance in learning involving two lights is some- 
what proportional to the extent of destruction of the area striata, as shown 
by the following correlations: 
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Correlation with 
extent of lesion 


Errors in learning reactions to two lights 0.58 + 0.10 
Difference threshold 0.49 + 0.09 
0.65 + 0.10 


Postoperative retention 


13. Interruption of the optic radiations as they enter the external 
capsule from the lateral geniculate bodies permanently abolishes all re- 
actions to discrete visual objects, but does not interfere with the forma- 
tion of the reaction to light versus darkness. 

14. Destruction of the lateral portion of both striate areas permanently 
abolishes all pattern discrimination. 

15. Destruction of the median port 
other cortical fields does not interfere wi 
on discrimination of patterns. 

16. Lesions in the median portion 0 
amnesia for habits based on pattern discri 
acquired by training. Lesions to other cortic 
an amnesia (unpublished data). 

17. Animals trained on visual patterns re 
attributes of the stimuli, reacting at once to simil 


identity of retinal elements stimulated. 
These results embody data upon both defects of vision and disturbances 


of memory, and, as has proved true for clinical material also, it is difficult 
to disentangle these two aspects of the problem. The habit based on the 
discrimination of light and darkness shows least dependence upon the 
Cortex, It is formed at normal rate in the absence of the striate area or 
of any other portion of the cortex (tested to 60 per cent), or even after a 
Probably complete interruption of the optic radiations which abolishes 
all capacity to differentiate the position of objects within the visual field. 

his fact, taken together with the retardation from injuries to the superior 
eollieuli and the formation of such habits in decerebrate dogs (139), 
indicates that the associative mechanism for the habit lies in the sub- 
Cortical structures, When the habit is formed in normal animals injury 
to the striate areas results in its loss, with the rate of relearning propor- 
tionate to the extent of injury. This Joss is not due to general shock, since 
equal injuries in other parts of the cortex do not disturb the habit. It can- 
Not be ascribed to localized visual defects such as scotoma, since there 
iS no evidence that these in man necessarily involve amnesia or that the 
Capacity to make discriminations of light ‘and darkness is abolished in 
those parts of the visual field which are not included in the scotomatous 
area. It cannot be ascribed to a change in the criteria of discrimination 


ions of the striate area or of any 
th the formation of habits based 


f the striate areas produce an 
mination, which may be re- 
al fields do not produce such 


act on the basis of the relative 
arities when there is no 
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(as from reaction to a definite visual form to reaction to simple lumi- 
nosity), for under the conditions of this experiment it is practically impos- 
sible to establish a visual discrimination of pattern in normal animals and 
the formation of a habit based on the simplest spatial attribute of the 
stimulus lights, relative size, requires from five to ten times as long train- 
ing as to obtain a habit to relative brightness. The regularity of effect of 
extent of lesion indicated by a correlation coefficient of 0.84 indicates that 
the various parts of the area striata have an equal function in preserving 
the residual traces of the habit mechanism which contribute to the short- 
ening of retraining [see below]. These results have been interpreted as 
indicating one of two alternatives: either that in the learning of this habit 
in normal animals the cortex participates by the development of some 
nonspecific facilitative effects upon the lower centers, and that the 
specific integrations between receptors and the motor systems used in 
orientation are not contained in the cortex itself; or that the integrations 
of the habit involve a reorganization of the entire visual system without 
the local development of specific integrative connections. 

The data upon discrimination of two lights cannot be interpreted be- 
cause we have no evidence concerning the effects of interruption of the 
optic radiations or of destructions in the anterior portions of the cortex 
upon this function. 

For pattern vision it seems clear that the discrimination of the gross 
visual characters of objects requires some cortical connections, but can be 
mediated by the frontal portions of the cortex. This part of the system can 
mediate reactions to the relative position of discrete objects within the 
visual field but fails to distinguish between surface area and luminosity. 
The clear differentiation of spatial attributes of the stimulus is dependent 
upon the striate areas. There is no indication that any other portions of 
the cortex than the striate areas are concerned in the performance of habits 
based on pattern discrimination. Data on postoperative amnesias for this 
type of habit are as yet incomplete, but from results so far obtained it 
seems clear that the habits are disturbed only by lesions within the striate 
area and there are indications that the habits may survive the destruction 
of any part of the visual cortex up to at least 50 per cent in both 
hemispheres. 

Such data are by no means adequate to solve the problem of the 
mutual relations of cortex and lower structures in learning, but they sug- 
gest that there may be both general facilitative effects and specific integra- 
tive relations involved. They show that the concept of simple conduction 
pathways from receptor to the cortex, with the establishment there of an 
integrative pattern of neuron connections, is a quite inadequate picture of 
the afferent mechanism. 
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Attempts to trace the path of associative reactions within the cortex 

have been largely confined to the motor cortex as the most plausible point 
of exit. Wagner, Bechterew (5), and Gierlich (53) have maintained 
that formation of motor habits is impossible after destruction of the 
motor cortex. Pike and Chappel (136) have more recently reported 
failure in attempts to train animals (cats) in a motor habit after small 
injuries in one motor area. Failure in these cases may have been due to 
the fact that the lesions were unilateral, since Trendelenberg (172) and 
Oden and Franz (127) have shown that recovery of one paralyzed limb 
is unlikely so long as the animal has free use of the other. 
- Isolation of the motor cortex from surrounding areas has given conflict- 
ing results. Marique (116) and Exner and Paneth (26) reported symp- 
toms after circumsection of the area identical with those following exci- 
sion, Schäfer (150) found normal control of movement in one case, which 
Was not controlled histologically. 

Starlinger (158) trained a dog to give his paw 
both pyramidal tracts. Rothmann (147) and Graham Brown (51) report 
formation of motor habits after destruction of motor areas or pyramidal 
tracts, Trendelenberg (172) taught a dog to give his right paw after total 
extirpation of the left cerebral hemisphere. Pavlov (131) reports the 
establishment of conditioned reflexes after removal of all of the motor 
areas in dogs. These authors, dealing with learning after extirpation, have 

een inclined to regard the motor cortex as the chief normal source of 
Motor impulses for habitual acts and to ascribe their results to vicarious 
unctioning of efferent paths from other cortical areas. ; 

Lashley and Franz (103) have reported the survival of maze running 
and Lashley (88) of visual habits after complete removal of the motor 
areas in the rat, Lashley and Ball (102) and Ingebritsen (69) report the 
Survival of more complex maze habits after interruption of the pyramidal 
baths, Lashley (91) found that manipulative habits and habits involving 
visual discrimination survived the destruction of the precentral gyri in 
Monkeys. From these experiments he has argued that the motor areas are 
not normally involved in the specific integrations of habits, but are to be 
regarded as part of the system controlling postural reflexes. Herrick (60) 

as criticized this conclusion on the grounds that the expauments are not 
Crucial, but the postulation of a vicarious functioning of some other 


“erebral mechanism after removal of the precentral gyrus leaves unex- 
he complicated patterns of move- 


Plained the immedi roduction of th 

ment which ee retraining after the lesions. Lashley (94) 
„28 found that the habit of traversing 2 complex maze is disturbed by 

injuries to any part of the cortex and that equal injuries in different areas 
ave about equal effects. This indicates either a reduplication of special- 


after interruption of 
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ized paths from lower centers to and from each part of the cortex, without 
significant transcortical connections, or some reorganization of trans- 
cortical activity which involves all parts of the system. 

Thus far the attempts to trace conduction pathways involved in habits 
through the central nervous system have done little more than reveal the 
difficulty of obtaining evidence either for or against the existence of spe- 
cifically differentiated conduction paths for learned actions. Most, perhaps 
all, of the results can be interpreted in terms of reduplication of paths 
through different parts of the functional areas. On the other hand, the data 
are equally compatible with an interpretation which denies the existence 
of pathways specifically differentiated for the habits through the different 
functional areas, and this latter interpretation seems more in harmony 
with the facts of sensory and motor equivalence which will be presented 
in a later section. . . . The evidence does not seem conclusive that the 
efferent connections of the cortex which control learned or voluntary 
activity descend directly from the sensory or associative areas without the 
intervention of the so-called motor cortex. 

The Mechanism of Formation of Associations. A survey of recent 
studies of the conditions under which associations are formed shows that 
most of the supposed laws of learning from which the nature of the 
nervous changes involved has been inferred are seriously questioned, Prac- 
tically all neurological theories of the learning process are based on the 
belief that the mere repetition of an act tends to fix it as a habit, or that 
the repeated occurrence together of two stimuli serves to associate them in 
memory. The older theories have been reviewed by Matthaei (118) and 
more recent ones by Lashley (95). Starting with the importance of repeti- 
tion, the theories have postulated the repeated passage of nerve impulses 
over connecting pathways and a consequent increase in conductivity in 
these paths brought about by cell growth, changes in intercellular connec- 
tions, membranes, or the like. Recently Cason (21) has pointed out that 
supposed repetition rarely if ever involves an exact or even approximate 
repetition of the same act. Peterson (134), Dunlap (22), and Thorndike 
(170) on experimental grounds have denied that repetition in itself is 
effective in producing learning. Lashley (95) has stressed the fact that 
sensory and motor paths which were not activated during learning may 
mediate the performance of the habit without additional training. 

Such data seem to rule out the formation of associations by the repeated 
passage of nerve impulses over specific paths, with the concomitant doc- 
trines of local change in synaptic resistance and the like. Alternative 
psychological conceptions of the learning process are still very vague. 
Goldstein (45) and Köhler (82) have stressed the importance of the 
organization or Gestaltung of the material and Thorndike (170) has 
formulated a similar concept of “togetherness,” but so far it is possible 
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to define the effective organization only by the fact of learning, and there 
seem to be clear exceptions to the rule (77). The positive inferences con- 
cerning possible neurological bases of learning which can be drawn from 
recent studies are still too vague to permit any experimental evalua- 
tion (95). 


The Significance of Cerebral Localization 

: The association of diverse cytoarchitectural areas with different func- 
tions is well established, but the fact has been emphasized until it obscures 
the really fundamental problems of cerebral physiology. The production 
of specific symptoms by restricted cortical lesions furnishes a valuable 
clue to the nature of cerebral organization but, considered alone, provides 
no adequate picture of the processes which determine integration. We 
cannot accept an interactionist theory which localizes psychic entities in 
the cortical fields and then appeals to psychological laws to explain 
adaptive behavior. The facts of cerebral localization leave unanswered 
the question of how the specialized areas carry out their functions and 
of how their functions are interrelated. 

Integration within Specialized Cortical Areas. The character of organi- 
zation within different cortical fields seems to differ fundamentally. The 
highest degree of subordinate specialization within single fields has been 
demonstrated for the stimulable cortex and for the visual area. Especially 
in primates, stimulation of the precentral gyrus reveals a great number 
of points whose excitation results in different coordinated movements of 


the skeletal muscles, These have been interpreted by investigators since 
points directly and more or less exclu- 


"itsch and Hitzig as a mosaic of L 
Ils of the cord. Comparison of the 


Sively connected with specific motor ce 1 
Position and extent of excitable areas in different animals of the same 
Species and in the two hemispheres of the same animal (33, 165, 109) 
have shown a marked variation which has no obvious counterpart in the 
Chavior of the animals. Lashley (90) mapped the arm area in the right 
emisphere repeatedly at intervals of 1 to 14 days. He found that, 


although the excitable points remained constant in function (except for 
acilitation and deviation) during any one 


as little correspondence from day to day 
ry movements entirely different 
jifferent segments of the body. 


een phenomena of fi 
and a of exploration, there w > 
ne same point might elicit as prima 
Patterns of activity, even movements in ¢ 39 
i Ne segmental areas (arm, leg, face) tended to retain a constant position, 
ugh with widely varying boundaries, but within each segmental area 
"ere was no consistency of primary reactions. From this he concluded 
that the apparent specificity of excitable points within the secondary areas 
read, arm, leg) may be a matter of temporary physiological organization 
of the area, rather than of stable anatomical connection. Talbert (167) 
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and Leyton and Sherrington (109) also report some variability in the 
effects of stimulation at different times, but less than that found by 
Lashley. 

Experimental studies of differentiation within the visual cortex of 
animals give far less certain results than clinical studies of man, owing to 
our lack of any adequate means of mapping scotomas. The older experi- 
ments of Munk (126), Hitzig (64), and Loeb (110) seem largely to 
have missed the projection area and to have interrupted projection fibers 
or induced temporary trophic disturbances. The experiments of Min- 
kowski (121) on the visual cortex of the dog are the most decisive avail- 
able. He finds that the projection areas lie on the posterior and mesial 
surfaces of the occipital lobe, rather than at Munk’s area A. Complete 
destruction of the posterior half of the field results in permanent homony- 
mous hemianopia in the superior quadrant, of the anterior half, a like 
effect in the inferior quadrant. Any lesser lesions are followed by com- 
plete recovery. He interprets the results as showing that each retinal point 
is projected, not to a single point, but to an extensive area of the cortex, 
so that only extensive lesions result in the complete destruction of the 
representation of any point. 

Experimental studies of primates have little bearing upon the problem. 
Munk (126), Schäfer and Brown (151), and Panici (130) found com- 
plete blindness only after destructions involving almost the posterior half 
of the cortex. The recoveries of vision reported by these investigators and 
by Vitzou (177) and Franz (32) did not include the estimation of 
scotomatous areas and only a limited analysis of visual functions. Recent 
anatomical studies (137) indicate that the projection area for the macula 
in the rhesus monkey, which has been chiefly used in experimental studies, 
is far more extensive than earlier experimenters have assumed, so that 
it is probable that considerable portions of the macular area were un- 
injured in all cases where recovery was observed. 

Except for the limited differentiation indicated by Minkowski’s studies, 
experimental work with animals gives no significant evidence concerning 
the differentiation of function within the visual cortex. We must turn, 
therefore, to the clinical literature for evidence of functional differentia- 
tion within the primary visual cortex. The studies of Marie and Chatelin 
(115), Holmes and Lister (66), Holmes (65), and Sänger (149) estab- 
lish a correspondence between retinal zones and projection fields. The 
fineness of this differentiation is still in dispute and there is no clear evi- 
dence by which we can judge whether there is a distinct point within 
the area for each ganglion cell of the retina (59), a pattern of overlapping 
zones (121), or merely a gross polar arrangement with maximal macular 
effect at the pole and maximal peripheral effect at the anterior boundary 
of the area, as suggested by Poppelreuter (140, pp. 68ff.). 
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For the somesthetic area the stimulation experiments of Graham Brown 
(51) and of Leyton and Sherrington (109) and the strychnine methods 
of de Barenne (23) show differentiation in accord with the receptor 
surfaces, but details are not established either by the experimental or 
by the clinical literature. 

In no other cortical area is there any clear evidence of a spatial sub- 
division with which elementary sensory or psychological units can be cor- 
related. Larionow (85) and Eliason (131) have reported temporary loss 
of sensitivity to high or low tones following injuries to the auditory areas, 
but such results have been interpreted by Börnstein (12) as the result of 
a general lowering of the level of functional activity and crucial experi- 
ments are lacking. 

It seems unquestionably established that within some cortical areas, as 
defined by anatomical methods, there is a subordinate differentiation of 
function constituting a sort of mosaic. It seems very probable that this 
Mosaic differentiation is not in any case as fine as the peripheral functional 
units. For other areas it seems equally certain that there is no subordinate 
Spatial representation of functions and that any injury to the area reduces 
efficiency in a number of activities which are independent in behavior. 


ant that the functions for which mosaic specialization 


It seems signific u. 
action oO: 


Within centers is established are just the ones which involve re: 
the organism to the spatial attributes of its environment. 
The Mechanism of Integration within the Spatially Differentiated 
Centers. In the cortical fields where there is a projection of sensory sur- 
aces, how do the points or foci corresponding to the sensory units func- 
tion to produce differential reactions? Two opposing views have been 
advocated, the specialization of each point for a specific reaction and the 
Unctional equivalence of the system. Beyond the tacit assumption that 
the integration within centers is due to associative connections between 
neurons, little effort has been made to formulate and to test experimentally 
YPotheses concerning the functions of a cortical mosaic. Pavlov (131) 
has developed debna theory, making use of the conception of mosaic 
organization in explaining discrimination of tactile stimuli and of differ- 
ences in Pitch. A conditioned salivary reflex was established to contact on 
2e shoulder and conditioned inhibition to contact on the thigh. Progres- 
Sive stimulation from shoulder to thigh then resulted in a gradual diminu- 
“on of secretion with distance from the shoulder, an indifferent region 
etween the points, and gradually increasing inhibitory effect as the point 
pu the hip was approached. Points in front of the shoulder or on the hind 
= Produced reactions like but weaker than the trained points. age 
2 €rprets this as evidence that separate but adjacent inhibitory an 
Xcitatory centers are established in the cutaneous projection area of the 
Cortex from which facilitation or inhibition irradiate so that, as the pro- 
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jected excitation moves across the cortex with change in the locus of 
cutaneous excitation, the cortical effect shifts from excitation to inhibition. 
The same hypothesis is applied to discrimination of pitch. 

The hypothesis is adequate only for the relatively simplified conditions 
of his experiments. In the visual discrimination of size we may find a 
parallel condition. If an animal is trained to choose a white circle of 6 cm. 
diameter and to avoid one of 4 cm., and is then confronted with a 5-cm. 
circle there is hesitation, vacillation, with sometimes negative, sometimes 
positive reactions (131, neutral zone, p. 227). A 2-cm. circle and a 10-cm. 
circle produce some uncertainty of reaction but are definitely negative 
and positive respectively. The experimental data exactly parallel those of 
cutaneous or of auditory discrimination. But in this case the circles are 
fixated successively on the same general regions of the retina and conse- 
quently the excitation is projected to the same general areas of the cortex. 
Further, if the animal is confronted with a 6-cm. and a 10-cm. circle, after 
successive inspection he chooses the 10-cm. and avoids the 6-cm. circle. 
When seen in conjunction with a larger, the previously excitatory stimulus 
at once becomes inhibitory. 

The assumptions concerning a mosaic of inhibitory and excitatory centers 
is entirely inapplicable to the above data. If we assume a central inhibitory 
zone surrounded by a circular excitatory zone, the negative reaction to 
a previously positive stimulus remains unexplained. Further, in unpub- 
lished experiments I have found that the animal, trained to choose the 
largest of three circles, may immediately react positively to the widest lines 
when confronted with three fields with different widths of stripes. There 
is here no possibility of conformity to preexisting inhibitory or excitatory 
areas. From what we know of transposition (82) in audition and discrimi- 
nation of weights, the mosaic theory is equally inapplicable for these 
sensory fields, and if it fails here, we must be skeptical of it as applied 
to the special case of tactile discrimination. 

Theory of Functional Equivalence. Opposed to the mosaic theory of the 
the functional activity of specialized fields is the concept that within the 
special area all parts are, in certain respects and for certain functions, 
equivalent. This view has been expressed by Goltz (49) with reference 
to intelligence and the entire cortex, by Lashley (94, 95) as the equi- 
potentiality of parts, by Bethe (8, 9) in the theory of “sliding coupling,” 
by Bornstein (12) and Matthaei (119) and seems implicit in the systems 
of Bianchi (10) and of von Monakow (123), at least as applied to 
restricted fields. Three principal lines of evidence have been presented 
in favor of the theory: the functional equivalence of receptor surfaces. 
the spontaneous reorganization of motor reactions, and the survival of 
functions after destruction of any part of nervous centers whose total 
destruction abolishes them. 
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The data upon visual discrimination of size presented above are typical 
of experimental analyses of the sensory determinants in behavior. Becher 
(3) formulated the problem clearly in relation to nervous integration. 
The work of Stone (159, instincts in rats), Herter (62), Perkins and 
Wheeler (132, visual reactions of fishes), Kliiver (78, 79, visual, audi- 
tory, and kinesthetic sensitivity of monkeys), Köhler (82, chapter 5, 
human vision), and Leeper and Leeper (108) may be cited as examples 
of such analysis for different orders of vertebrates. The work shows that, 
within very wide limits, the absolute properties of the stimulus are rela- 
tively unimportant for behavior and the reactions are determined by 
ratios of excitation which are equally effective when applied to any group 
of receptor cells within the system (92). The significance of these data 
for interpretation of integration within cortical sensory fields has been 
discussed by Köhler (82) and Lashley (97). 

Experimental studies of spontaneous motor reorganization have been 
reported by Buddenbrock (16), Bethe (8), Lashley (91, 92), Lashley 
and McCarthy (104), Lashley and Ball (102). In general the results 
indicate that when habitually used motor organs are rendered nonfunc- 
tional by removal or paralysis, there is an immediate spontaneous use of 
other motor systems which had not previously been associated with or 
used in the performance of the activity. In normal human activities an 
unlimited number of similar instances of transfer can be cited. The shift 
from writing with finger movements to movements of the arm or even 
with a pencil held in the teeth still preserves the characteristics of indi- 
vidual chirography. Of course there are limits to such transfer which are 
Set by the fineness and accuracy of the movements involved, but the 
essential patterns may be imposed upon the muscles of any limb. 

Direct experimental evidence on the equivalence of parts of cerebral 
fields has been presented by Franz (31), Franz and Lashley (103), 
Lashley (86, 93, 94), Loucks (111), Maier (113, 114), and clinical evi- 
dence has been given by Fuchs (40), Poppelreuter (140), and Bornstein 
(12) among others. The experimental work deals with the formation or 
Postoperative retention of specific habits after the partial destruction of 
Cortical fields. Franz (31) found that motor habits survived the destruc- 
tion of the frontal pole of either hemisphere but were abolished by 

€struction of both, Bianchi (10) draws a somewhat similar conclusion 
rom his studies with monkeys. Lashley and Franz (103) found loss 
of a latch-box habit after complete destruction of the frontal pole in rats, 
With more or less complete survival of the habit with lesser lesions. In 
this work there was a adequate control of shock or diaschisis effects. 
ashley (93) found that lesions in the area striata result in a partial loss 
of habits based on discrimination of light and darkness, which is not 
Walitatively different for different parts of the area, in experiments 
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where shock was controlled by showing that the loss persisted for at 
least two weeks whereas animals could relearn the habit within the second 
week after operation. Loucks (111) found partial loss of the “delayed- 
alternation habit” after partial destruction of the motor and somesthetic 
areas which was complete only after very extensive destructions. The 
significant point in these observations is that a limited lesion does not 
abolish any identifiable parts of the function, leaving others intact, but 
lessens efficiency in all aspects of the function. 

The same type of result appears after extirpation of parts of the motor 
cortex of monkeys. Destruction of small areas in general produces only 
temporary focal disturbances and large amounts must be destroyed in 
order to produce lasting defects (15, 109). 

These three lines of evidence indicate that certain coordinated activi- 
ties, known to be dependent upon definite cortical areas, can be carried 
out by any part (within undefined limits) of the whole area. Such a 
condition might arise from the presence of many duplicate reflex pathways 
through the areas and such an explanation will perhaps account for ‘all 
of the reported cases of survival of functions after partial destruction of 
their special areas, but it is inadequate for the facts of sensory and motor 
equivalence. These facts establish the principle that, once an associated 
reaction has been established (e.g., a positive reaction to a visual pattern), 
the same reaction will be elicited by the excitation of sensory cells which 
were never stimulated in that way during the course of training. Similarly, 
motor acts (e.g., opening a latch box), once acquired, may be executed 
immediately with motor organs which were not associated with the act 
during training. Bethe (8) has generalized similar facts under the prin- 
ciple of “sliding coupling” and, following Buddenbrock (16), has pro- 
posed an explanation for motor equivalence based on the assumption that 
the excitation of a motor center depends upon its tonic state, which in 
turn is determined by excitations aroused by the state of tension in the 
motor organs supplied by it. The theory is adequate for the cases of 
direct adaptation of limb-coordination with which he deals, but seems 
inadequate for the adaptive reactions described by Lashley (92). 


Quantitative Results in the Study of Cerebral Functions 


Goltz (49) first suggested a relationship between the extent of cere- 
bral destruction and the consequent degree of deterioration in more com- 
plex adaptive behavior. He interpreted the effect as due to a lowering of 
attention, implying that the latter is a function of the total energy of 
nervous activity available. Clinicians have occasionally emphasized the 
importance of the extent of cerebral involvement in production of general 
deterioration (123, 10, 57) but have not presented systematic evidence. 

Lashley and Franz raised the question as an experimental problem in 
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1917 and a number of statistical studies have since been reported. They are 
summarized in Table 15.1. The use of the correlation coefficient is justified 
in these studies only as a crude indication of the existence of a relation- 
ship. The relationship is probably not rectilinear. Lashley (93) computed 
the correlation ratio for lesions in the visual cortex and obtained a value 
of 0.84 + 0.03 as compared with a coefficient of 0.72 + 0.05. From data 
on 127 cases Lashley and Wiley (105) find that the retardation is best 
described as a logarithmic function of the extent of destruction. Beyond 
establishing that the retardation is disproportionately more severe after 
large than after small lesions and that the function is a continuous one, 
the mathematical expression of the relationship has little significance. 
The distribution in magnitudes of the coefficients summarized in the 
table confirms the genuineness of the relationship. Only three of the 
values available fall between 0.10 and 0.50, whereas five are approximately 
zero and fourteen above 0.60. This indicates that the functions fall 
definitely into two types, either completely independent of extent of lesion 


(within the limits of the tests) or closely dependent. It is not possible 
from the data to formulate any generalizations concerning the activities 
arently the simplest sensory habits 


which fall into these two classes. App 
and the simplest maze habits show the least relationship to cortical lesion, 
but the absence of correlation for initial formation of the latch box and 
delayed alternation habits do not fit this interpretation on the sole basis 
of simplicity. 
From limited data Lashley (95) concluded that in maze learning the 
deterioration was relatively greater for mazes with many culs de sac. 
Lashley and Wiley have failed to confirm this, finding that the relative 
ease of learning simple and complex mazes is the same for normal and 
Or operated animals. In these latter experiments only reduplication of 
elements in the tests was involved. Where qualitative differences in the 
tasks are concerned there are indications that small lesions markedly 


retard some functions such as are involved in the experiments of Cameron 
k (18), and leave others relatively 


undisturbed. Jacobsen (70) found that, after lesions to the frontal lobes 
ith several latches was greatly 


ifficulty, 
The question of what determines relative difficulty of tasks for normal 


ani ess ae + 
!mals and for animals with brain injuries 15 complicated by many factors. 


poly defects and motor handicaps unquestionably play a part in 
ling the operated animals but in addition to this there are other 
and psychological studies than 


š 5 soe 
os, more clearly indicated in clinical gi is 
the results of physiological experiments. Such conditions as the suit- 
equipment of the organism, the 


abili A 
lity of the task to the instinctive 
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Table 15.1. Relation between Extent of Lesion and Efficiency of Performance 
in Statistical Studies of the Effects of Cerebral Injury ° 
1m 

Coefficient 
of 
Task Locus of lesion correlation Reference 


Postoperative retention of sim- 
ple maze Frontal areas Zero Lashley and 
Franz (103) 
Learning double platform box Frontalareas 0.24 + 0.15 Lashley (86) 
Learning double platform box 


corrected for motor disorders Frontal areas Zero Lashley (86) 
Initial learning, delayed alter- 

nation Frontal areas —0.02 + 0.19 Loucks (111) 
Delayed alternation, postoper- 

ative relearning Frontal areas 0.54 +0.12 Loucks (111) 
Postoperative maze learning, 8 

culs de sac Frontal areas 0.64 +0.08 Maier (113) 
Reasoning, postoperative rec- 

ords Frontal areas 0.54 +0.09 Maier (113) 
Light-darkness discrimination, 

postoperative learning Visual cortex 0.08 + 0.14 Lashley (93) 
Light-darkness discrimination, 

postoperative relearning Visual cortex 0.72 + 0.05 Lashley (93) 


Light-darkness discrimination, 
postoperative relearning, cor- 


rected for critical area Visual cortex 0.73 + 0.08 Lashley (101) 
Light-darkness discrimination, 

postoperative relearning Visual cortex 0.64 + 0.10 Lashley (96) 
Postoperative learning discrimi- 

nation two lights Visual cortex 0.58 + 0.10 Lashley (96) 
Postoperative relearning dis- 

crimination two lights Visual cortex 0.65 + 0.10 Lashley (96) 
Difference threshold discrimi- Lashley (96) 

nation two lights Visual cortex 0.49 + 0.09 


SI sw 


number of elements which must be dealt with simultaneously in integra- 
tion, and previous familiarity with these elements, are obviously signifi- 
cant. A number of clinical and psychological studies suggest a still more 
fundamental factor which cannot as yet be described in terms of the 
properties of the test situations but only in terms of effects on behavior 
integration. This is illustrated by the completion of simple figures in the 
hemianopic field (39, 140), by the disturbances of verbal organization 
in agrammatic aphasia, and in normal psychology by the relative obscurity 
of different logical relations. Such variations in the difficulty of qualita- 


243 


INTEGRATIVE FUNCTIONS OF CORTEX m 


Table 15.1. Relation between Extent of Lesion and Efficiency of Performance 
in Statistical Studies of the Effects of Cerebral Injury ° (Continued) 
aaa ill 


Coefficient 
of 
Task Locus of Lesion correlation Reference 
Visual acuity and pattern vision Visual cortex All-or- Lashley (100) 
nothing 
effect 
Reasoning, postoperative rec- 
ords Visual cortex 0.75 + 0.05 Maier (114) 
Postoperative retention reac- 
tion to noise Auditory 0.61+0.11 Wiley (180) 
è cortex 
ostoperative maze learning, 8 
culs de sac All parts 0.86 +0.03 Lashley (94) 
Postoperative maze learning, 3 
culs de sac All parts 0.65 +0.07 Lashley (94) 
Postoperative maze learning, 1 
cul de sac All parts 0.30 + 0.16 Lashley (94) 
Postoperative maze retention, 8 
m culs de sac All parts 0.51 £0.11 Lashley (94) 
Ostoperative maze retention, 
p l cul de sac digi All parts 0.00 £0.13 Lashley (94) 
Ostoperative maze retention, os 
4 culs de sac All parts 0.80 + 0.05 Lashley and 
ostoperative maze retention, Wiley (105) 
8 culs de sac All parts 0.80 + 0.05 Lashley and 
Ostoperative maze retention. Wiley (105) 
12 culs de sac A All parts 0.70 + 0.07 Lashley and 
Ostoperative maze retention, Wiley (105) 
16 culs de sac All parts 0.60 + 0.08 Lashley and 
en maze retention, FREE È % a ( a 
culs de sac reverse All parts .64 + 0.04 ashley and 
sisu reversed oa Wiley (105) 


be 


bene oaase arena here ee ee otherwise trials required for 
» OF postoperative relearning- 

tively different tasks and indications of specific organizing tendencies in 
Nervous function suggest that the nervous mechanisms tend innately to 
Certain types of integration and that the relative difficulty of tasks is in 
arge measure dependent upon the extent to which they fit this pre- 
existing schema of organization. The available evidence upon the relation 


petween extent of lesion and difficulty of task is at least suggestive that 
rther investigations may reveal significant correlations. 
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The fact of a relationship between amount of tissue destroyed and 
severity of deterioration for certain activities seems firmly established by 
the data of Table 15.1. Interpretation of the fact still remains in question. 
Four possible explanations have been suggested, and in part experi- 
mentally tested. 

1. General shock or metabolic disturbance proportional to the severity 
of injury. In tests of this it has been shown that some functions which 
certainly involve the cortex (initial formation of latch-box and light- 
darkness discrimination habits) are not affected by lesions which produce 
severe deterioration in other functions (maze learning, “reasoning,” vari- 
ous postoperative amnesias). The formation of habits based on light- 
darkness discrimination is not retarded by destruction of the area striata 
although injuries in this area markedly reduce performance in Maier’s 
experiments in peripherally blinded animals (114). Lesions invading the 
area striata without destruction of its lateral portions do not interfere with 
formation of habits based on discrimination of visual patterns, but do 
retard maze learning. 

2. Deterioration arises from sensory defects due to destruction of the 
sensory projection areas. To test this Lashley (94, 98) has compared the 
effects on maze performance of destruction of sense organs or sensory 
tracts with the effects of lesions in the corresponding cortical projection 
areas. In all cases the deterioration from cortical lesions, which do not 
completely abolish the sensory functions, is far more severe than that fol- 
lowing complete peripheral destruction of sensitivity. Maier has shown 
that blindness reduces efficiency in his tests but that in blind animals 
lesions in the visual cortex produce a still greater loss of efficiency. 

3. Reduplication of functionally equivalent conducting paths through 
different parts of the cortex, with deterioration proportional to the num- 
ber of paths destroyed. This explanation seems applicable to all results on 
postoperative amnesia except those for the visual area. Lashley (93) 
found that linear lesions which interrupted a large part of the optic radia- 
tions produced a disturbance only proportionate to the amount of cortical 
tissue destroyed and not to the extent of interruption of fibers. 

It is difficult to see how the hypothesis of reduplicated arcs can be 
applied to the limitations in learning capacity revealed for mazes and the 
“reasoning problem.” Here we should have to assume that the rate of 
learning is proportional to the total number of potential pathways avail- 
able. After destruction of the area striata, or of the posterior half of the 
cortex, by which the great majority of potential visual pathways have cer- 
tainly been destroyed the formation of the habit based upon light- 
darkness discrimination proceeds at normal rate and must therefore be 
independent of the number of potential cortical pathways. Lashley (94) 
has presented some evidence that retentiveness for habits formed after 
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cerebral injury is reduced and interprets this as meaning that the capacity 
to retain alterations imposed by learning upon some parts of the nervous 
system is reduced by the absence of other parts, under conditions where 
shock or diaschisis is improbable. If this interpretation is correct, it is 
difficult to harmonize with the maintenance of habits by local alterations 
of structure. Melton (120) has suggested that the apparent reduction of 
retentiveness may have resulted from retroactive inhibition, but this inter- 
pretation does not avoid the difficulty for the theory of specific paths. 

4. The deterioration is due in part to reduction of some cerebral activity 
which is not related to specific sensory or motor functions, but is essen- 
tially the same for all parts of the cortex. Lashley (94) has shown that 
the loss of the maze habit after destruction of the visual cortex is not 
dependent upon the sensory function of this area, since the loss is the 
same in animals which were blinded by enucleation of the eyes before 
training in the maze. He also presented some evidence that with lesions 
Testricted to any single cortical area the retardation in maze learning is 
Proportional to the amount of destruction within that area, and that when 
equal amounts of destruction within different areas are compared, the 
degree of retardation is equal. Maier (113, 114) obtained similar results 
in comparison of the frontal and occipital regions for a different activity. 
The data of Lashley and Wiley (105) are less consistent on this point, 
but support it at least for certain areas. f 

These facts imply that the activities of any part of the cortex in the 
acquisition, retention, and performance of more complex integrative func- 
tions are conditioned by the activities of all other parts. How this influence 
is exerted and what its relation to the specific integrative functions of the 


different areas may be, remains obscure. 


Nonspecific Facilitation in Cerebral Activity 

_ Munk (126) first reported the loss of motility in a limb after section of 
its dorsal roots with temporary recovery of use during excitement or with 
restraint of the normal contralateral limb. This type of evidence points 
to some general facilitative effect of the afferent impulses from the limb, 
as well as specific reflex integrations. There is a considerable amount of 
unsystematic evidence that this prineiple of nonspeeific facilitation plays 
an important part in all nervous activity. The postural system of the cord 
and medulla, the cerebellum, and the striate complex are generally 
regarded as not participating directly in the specific integrations of 
earned activities, but as providing a background of posture and tonus 
Upon which the specific influences of the associative mechanisms are 


Superimposed (181, 67). 


ti e condition of anim 
on of the motor areas. Peterson 


als in cerebral paralysis suggests a similar func- 
(133) found that a small injury in the 
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motor area of the forefoot normally used in feeding usually resulted in a 
shift to the use of the other foot. Injury to the motor area of that foot 
then resulted in a return to the preferential use of the first. The prompt 
use of the paralyzed limb in monkeys after amputation of the sound one 
(172) and the partial recovery under emotional excitement noted by 
Minkowski (122) and Franz suggest that the paralysis is in part due to 
inadequate facilitation of lower motor centers. 

It is uncertain what part such nonspecific facilitative effects may play 
in cerebral activity. Several lines of evidence suggest fluctuations in some 
general dynamic condition as important in the production of symptoms, 
Franz has pointed out that the cerebral paralyses in man consist in an 
enormous difficulty rather than an impossibility of making movements. In 
the milder amnesic forms of aphasia also there is difficulty in recalling 
rather than impossibility of recalling verbal material and Head (57) has 
noted some of the ways in which the speech mechanism may be facilitated. 

A parallel problem appears in the relearning time for habits lost after 
cerebral lesions. On the first day or two of retraining in light-darkness 
discrimination the animal with injury to the striate areas makes a purely 
chance score, irrespective of whether the injury is large or small, or 
whether the tests follow soon or later after the operation, But with con- 
tinued training a difference appears. After ten to twenty trials the animal 
with a small lesion begins to make better than chance scores and the pro- 
portion of right reactions increases rapidly. The animal with larger 
lesions continues for a longer time to make chance scores and increases 
the percentage of right responses more slowly than the other. This cor- 
responds closely to the results of Ebbinghaus (25) and later psychologists 
on the strength of the memory trace. In this work it was found that a 
certain minimal number of repetitions of verbal material are necessary 
to obtain a correct recall. After a lapse of time recall is impossible but 
fewer repetitions are necessary to reinstate it. If more repetitions are 
given than necessary to get recall in the first learning period, fewer will 
be required for relearning. The longer the intervening time, the more 
repetitions are necessary to obtain a correct reproduction. This led to the 
concept of varying strength of associative connections and to the theory 
that a residual association may exist which is too weak to cause repro- 
duction, but which is effective in reducing the amount of retraining 
necessary for reproduction. These facts suggest that associations may 
exist at different energy levels and this seems best expressed in terms of 
mutual facilitation of the associative mechanisms within the total system 
of integrations constituting the engram. 

The assumption of general dynamic action of the cerebral cortex is 
common in neurological literature. Upon it depend theories of the release 
of lower centers from inhibition in explanations of contracture, of hyper- 
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esthesias, increased emotional excitability and the like, as well as such 
general concepts as “vigilance” (56), “affective regulation” (135), and 
the conception of “dominance” of Orton (128). The need for critical 


investigation in this field is obvious. 


Summary 

The evidence reviewed here can scarcely be regarded as crucial upon 
any question of the cerebral mechanism of integration, but the picture 
which it gives us of cerebral activities lacks the precision which was 
anticipated by earlier workers. There is evidence of mutual dependence of 
parts in which the specialization of structures seems less important than 
the mere mass of functional tissue. There are indications that within the 
entire cortex, for certain functions, and within specialized areas, for 
others, the subordinate parts are all equally capable of performing the 
functions of the whole. Even where the highest degree of specialization 
exists, as in the visual and motor areas, the facts of equivalence of stimuli 
or equivalence of motor responses preclude any narrowly localized special- 


ization of intercellular connections. 
Herrick (61) has expressed the si 


there is “first, a known localization 0 
functions are also known, and, second, a localization of fields within 


which various recurring patterns of performance or schemata are known 
to be fabricated and within which inhibition, modification, or condition- 
ing of these patterns takes place.” The evidence seems most consistent 
With the view that these schemata are dependent upon some dynamic 
patterns of organization such as that proposed by Bethe (8) for spinal 


Coordination. 


ignificance of such data as follows: 
f stable structural elements whose 
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In a previous paper (14) the anatomical projection of the retinal quad- 
rants upon the primary optic centers of the rat was described. The 
present study is an attempt at further tracing of the projection of the 
retina from the lateral geniculate nucleus to the cerebral cortex. Putnam 
and Putnam (21) have described the connections of the lateral geniculate 
nucleus and area striata in the rabbit and their methods have been 
followed in this work. In the rabbit the binocular field is projected to 
the anterior end of the area striata. Behind this, the remainder of the 
temporal quadrants is represented, and the nasal quadrants are projected 
to the posterior third of the area. The inferior quadrants are represented 
laterad to the superior (Fig. 16.1). The topographical relations in the 
rat are significantly different from this, so that the data from the rabbit 
cannot safely be used as a basis for experimental work on the rat. 


Materials and Methods 


The animals used were from a fully pigmented strain derived from 
a cross of Wistar albino stock with local wild rats. Under ether anesthesia 
parts of the cerebral cortex in the occipital region were destroyed and 
after intervals of from three to twenty-four weeks the animals were killed 
and the brains were fixed, sectioned, stained with thionin, and mounted. 
The lateral geniculate nuclei were searched for evidence of retrograde 
degeneration. Camera lucida sketches of sections showing degeneration 
were made and from these the extent of the degeneration was plotted 
upon a standard series of drawings of sections at equal intervals through 
the nucleus. The portions of the area striata remaining intact were identi- 
fied by their cytoarchitecture and mapped on a standard diagram of the 

1 EprrorRs’ NOTE: From J. comp. Neurol., 1934, 60, 57-79. Reproduced by permission of 


The Wistar Institute. From department of psychology, University of Chicago. This study was 
aided by a grant from the Otho S. A. Sprague Memorial Institute, 
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cortex by the graphic method previously described (8). The extent of 
lesion was mapped in the same way. 

Two types of lesions were used: (a) small injuries made by under- 
cutting the cortex with a fine knife without damage to the underlying 
fibers; (b) large lesions made with thermocautery, destroying the greater 
part of the area striata with the underlying fibers and leaving only small 
parts intact. After small injuries it is often difficult to discover any de- 
generation in the lateral geniculate nucleus. After extensive lesions the 
small areas of normal cells in the nucleus are easily identified, but 
the method is limited by the difficulty of destroying the lateral parts of the 
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(a) 
Fig. 16.1. Projection of the retinal quadi 


rants upon the lateral genicu- 


late nucleus and area striata of the rabbit. Modified after Putnam 
and Putnam (21). (a) Transverse section of the left lateral genicu- 


late nucleus, pars dorsalis; (b) left area striata. 
Striate area without interrupting the fibers to the more mesial areas. The 
Combination of the two methods gave best results for a complete survey 
of the area. 
7 The material available for the 
plete serial sections through the 
5 es and 144 cases from a previous stu 
-25 mm. had been preserved. This ma 


Cases were selected for complete reconstruction. 3 
hen the reconstructions were completed the diagrams of the cortical 


€sions were superimposed and the areas of destruction common to dif- 
erent lesions and those unique for each lesion were determined. Similarly 


study included seventy-four cases with 
Jateral geniculate nucleus and striate 
dy in which sections at intervals of 
terial was inspected and fifty-two 
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the diagrams of the lateral geniculate nuclei were superimposed and 
corresponding areas plotted. This gave a basis for correlation of small 
cortical and nuclear regions. . . . 


The Character of Retrograde Degeneration in the Nucleus 


In the lateral geniculate nucleus,” pars dorsalis, of the rat only one 
type of ganglion cell is demonstrable with the thionin stain. These cells 
are triangular in section and of quite uniform size, averaging 17 by 25 pm 
with a variation in length from 20 to 35 p. Their large nuclei average 
12 „ in diameter. In the normal nucleus they are somewhat scattered, the 
mean number determined from twenty counts being 22 per 0.001 cu. 
Ms ss = 
Two types of glia cells occur in the nucleus. Of these, one type has 
spherical nuclei, 4 to 6 „ in diameter, and is about as numerous as the 
ganglion cells, averaging 18.5 per 0.001 cu. mm. The second type has 
thin rod-like nuclei, 2 by 10 p, and is less frequent, averaging 5 per 
0.001 cu. mm. The cytoplasm of both is unstained. 

After total destruction of the striate area of the cerebral cortex or inter- 
ruption of the optic radiation, there seems to be ultimately a complete 
degeneration of all of the ganglion cells in the pars dorsalis of the lateral 
geniculate nucleus. In two such cases studied carefully, with brains fixed 
three months after operation, not a single normal ganglion cell could be 
identified in the nucleus. The cells are reduced in number, counts giving 
9 or fewer per 0.001 cu. mm., and those which remain are reduced to less 
than half of their normal dimensions. Their nuclei are shriveled and 
neither nucleus nor cytoplasm stains sharply. . . . The number of glia 
cells is much increased, those with spherical nuclei averaging 63, those 
with rod nuclei 24 per 0.001 cu. mm. 

When only a part of the area striata is destroyed, a limited zone of 
degeneration appears in the nucleus. The outlines of such zones are 
quite sharp. Within the degenerated zone no normal ganglion cells are 
found, and the number of glia cells is more than doubled. Outside of the 
zone the ganglion cells appear quite normal. Along the borders of the 
zone for a depth of about 0.2 mm. degenerated and normal cells may 
appear intermingled. There sometimes appears to be an increase in num- 
ber of glia cells throughout the nucleus. 


Limits of the Cerebral Visual Field 


The limits of the total distribution of the optic radiation to the cerebral 
cortex have not been determined for lower mammals. Poljak (20), using 
Marchi methods after lesions in the lateral geniculate nucleus of monkeys, 

2 eprrors’ NOTE: A series of photomicrographs showing degeneration in the lateral genicu- 


late body, as well as one related diagrammatic figure and accompanying description in the 
text, have been omitted. 
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was able to establish the fact that the termination of the optic radiation 
is entirely confined to the area striata. 

The area striata in the rat has been described by Fortuyn (3), Sugita 
(23) and Volkmann (24). More detailed studies of the area in the 
mouse have been made by Isenschmid (6) and Rose (22). These investi- 
gators differ with respect to the cytoarchitectural criteria by which the area 
is identified and the extent of the area as shown on their maps, although 
they agree in locating it upon the dorsal convexity of the occipital pole. 
The criterion upon which there is the 
closest agreement is the character 
of the layer IV as “strikingly thick, 
with small closely packed granular 
elements” (22). In the rat this layer is 
clearly recognizable on the dorsal 
convexity of the occipital pole. Its 
mesial and caudal limits are sharply 
defined and anteriorly it adjoins a 
typical motor field containing the 
largest pyramidal cells of the entire 
cortex. Its lateral and anterolateral 
margins, however, blend gradually 
with the auditory and somesthetic 
cortex, so that exact determination of 
its limits in these directions seems 
impossible. In our reconstructions of 
the area striata the lateral margin 
was arbitrarily set at the point where 
layer IV was no longer visible as 
a distinctly darker stripe under low 


magnification. 
Fi Our material includes a number of 
nh Mapa u: diagram bacal cases with lesions bordering upon 
dering ee sia er but not invading the area striata. Fig- 
oat discoverable degeneration in ure 16.2 is a composite showing in 
ateral geniculate nucleus. eight cases the extent of lesions out- 
side of the striate area after which no 
as found. Almost the entire perim- 
ay without evidence of de- 


trace of degeneration in the nucleus W: 
eter of the area has been explored in this w 
generation in the nucleus. 
The nucleus has also been 
the frontal and temporal regions at 
On the other hand, any invasion of the are 
acteristic fourth layer is attended by degeneration intl 


examined in cases with extensive lesions in 
ad no trace of degeneration detected. 
a distinguished by the char- 


he nucleus. It seems 
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certain therefore that the striate area delimited by cytoarchitectural 
methods represents quite accurately the visual projection area and that no 
large number of visual fibers from the lateral geniculate goes to any other 
area. 
Degeneration in the Lateral Geniculate Nucleus after Lesions 
in the Area Striata 

The structural relations between the cortex and lateral geniculate 
nucleus are complicated and the number of cases upon which our detailed 
analysis is based is too great for complete presentation. For brevity of 


Fig. 16.3. Zones of degeneration in the lateral genicu- 
late nucleus after the lesions within the area striata 
shown in the lower figures. Seven coronal sections at 
equal intervals through the left nucleus are shown, ar- 
ranged as if viewed from the caudal pole. Below are 
reconstructions of the cortical lesions in four cases in 
which the lesions were confined to the cortex and did 
not involve the external capsule. The extent of the area 
striata is indicated by stippling. The four lesions and 
corresponding zones of degeneration in the nucleus are 
distinguished by the direction of hatching. The de- 
generation in these four cases corresponds quite closely 
to the projection of the four retinal quadrants. (a) 
Superior temporal; (b) inferior temporal; (c) inferior 
nasal; (d) superior nasal. 


exposition a few clear cases presenting the general principles of ar- 
rangement will first be described. 

As found by Putnam and Putnam (21) in the rabbit, there is no de- 
generation in the pars ventralis of the lateral geniculate nucleus after any 
Jesion to the striate cortex. Further description and discussion of the 


PROJECTION OF RETINA ON CEREBRAL CORTEX 261 


lateral geniculate nucleus will therefore be limited to the pars dorsalis. 
Figure 16.3 is a composite of four cases with lesions confined to distinct 
parts of the area striata with only a little overlapping of the lesions and 
with relatively slight overlapping of the zones of degeneration in the 
lateral geniculate nucleus. Seven transverse sections at equal intervals 
throughout the length of the lateral geniculate nucleus, pars dorsalis, 
are shown, 

The figure brings out several features o 
nucleus which are characteristic of all the 
separate cortical areas are followed by degeneration in distinct zones of 
the nucleus. The extent of overlapping of the degenerated zones of the 
nucleus does not seem to exceed the overlap of the corresponding lesions. 
(b) Irrespective of the locus of the lesion within the area striata, the zone 
of degeneration extends throughout the entire length of the nucleus, with 
the following qualification: (c) The boundaries of the zones do not con- 
form to the long axis of the nucleus, but intersect this at a sharp angle, so 
that each zone of degeneration passes from the anteromesial to the 
posterolateral region of the nucleus. This is not an artifact due to chance 
form of the lesions, but appears in all of the cases reconstructed. An 
identical arrangement of zones appeared in the projection of the retina 
within the nucleus (14). The arrangement is such that only the poste- 
rior half of the area striata is represented in the anterior pole of the nu- 
cleus and only the anterior half in the posterior pole. Since the data are 
more complete for the projection of the angular than of the concentric 
dimensions of the retina these two projections will be considered sep- 
arately, 


f the relations of cortex and 
cases studied. (a) Lesions in 


Projection of the Angular Dimensions of the Retina upon the Area Striata 


In the analysis of the projection of the retina upon the lateral geniculate 
nucleus a close correspondence was found between adjacent sectors of the 
retina and adjacent sectors around the longitudinal axis of the lateral 
geniculate nucleus. The horizontal mid-plane of the nucleus corresponds 
to the horizontal meridian of the retina, the vertical mid-plane to the 
Vertical meridian of the retina, inverted, and intervening sectors of the 
retina are represented at corresponding angles. i 

This angular differentiation is equally accurately represented in the 
Projection of the lateral geniculate nucleus upon the cortex. The four 
Cases shown in Fig. 16.3 were selected as involving degeneration in al- 
most exactly the four zones of the lateral geniculate nucleus representing 
the four retinal quadrants: (a) inferior temporal; (b) superior temporal; 
(c) superior nasal; and (d) inferior nasal. The overlapping areas in Fig. 
16.3 serve to define more limited points of correspondence of nucleus and 
Cortex than any of the lesions alone. Similar overlapping areas of the cor- 
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tex and zones of the nucleus were determined for all of the cases recon- 
structed. From these a number of cases were selected to give a series of 
restricted areas continuous around the perimeter of the area striata. These 
areas with the corresponding zones of degeneration in the nucleus are 
shown in Fig. 16.4. The figure represents a surface view of the left area 
striata (b) and a coronal section through the middle of the pars dorsalis 


Dorsal 
Anterior 


Fig. 16.4. Detailed projection of the lateral geniculate nu- 
cleus upon the area striata, determined by plotting the 
overlap of lesions and of zones of degeneration in the area 
and nucleus. (a) Lateral geniculate nucleus; (b) area stri- 
ata, in surface view. For simplicity, only one coronal sectio 

at the area of maximal thickness of the nucleus is show. a 
Each of the areas marked represents a section of a zone p; = 
ing diagonally through the length of the nucleus ae 
sponding areas bear the same number in the two u ü 


of the nucleus (a). For simplicity of presentation only one section is 


shown. Each of the degenerated areas r S in Fi 

be traced throughout KA length of the E . nme a 
16.3 and 16.4 should make this point clear. Thus the en Base 
Fig. 16.4 was determined from the overlap of the lesions sb nd of 
Fig. 16.3 and the corresponding overlapping of the zones of de sari : 
in the nucleus can be traced through the caudal 5 of the eee 
ty eat care sections shown 


Most of the areas shown in the figure were verified in at least two cases 
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When smaller areas of overlap than those shown were dealt with, some 
irregularities appeared as apparent reversals in the order of arrangement 
around the perimeter of the area, but this never involved displacement 
from the consistent position on the map of more than 10 or 15 degrees 
and was almost certainly due to inaccuracies in reconstruction or to andis 
vidual differences in the shape of the striate area. 

It is evident that there is a fine differentiation of the area striata corre- 
sponding to limited regions of the lateral geniculate nucleus and that this 
in turn corresponds closely to the angular dimensions of the retina. The 
anterior border of the area corresponds to the superior temporal quadrant. 
Passing caudad along the lateral margin of the area, the points correspond 
to successive sectors around the inferior temporal retina, reaching the 
ventral mid-line at the caudal end of the area and so on around its mar- 
gin through the nasal quadrants to the starting point. 


The Projection of the Concentric Zones of the Retina 

In his study of the projection of the retina upon the latera 
nucleus of the rabbit Overbosch (19) concluded that the peripheral re- 
gions of the retina are projected to the surfaces of the nucleus and that 
the nearer the disc the fibers originate, the deeper is their termination in 
the nucleus. In the rat the projection of the concentric retinal zones 
upon the nucleus is difficult to establish from Marchi material, but seems 
to be like that in the rabbit (14). 
ae the projection of the lateral geniculate n 

re is clearly a correspondence between t 
nucleus and the middle of the striate area. Thus, in Fig. 16.4b the areas 
numbered 4, 7, 10, and 15 are regions where the overlap of two lesions 
Was confined chiefly to the central part of the striate area and in the nu- 
cleus the corresponding degenerated zones are largely confined to the 


interior of the nucleus and in the same relative positions. Although the 


T in A z r = P : 
number of areas identified in this way 1$ not large, it seems adequate to 
Jear zones and concentric 


es i . 
Stablish the correspondence of concentric nuc: 
ar ithi + 

areas within the visual cortex. 


1 geniculate 


ucleus upon the area striata 
he central portion of the 


The Fineness of Anatomical Localization 

ies of the dog, Minkowski (17) concluded 
that each retinal point is projected to a relatively large cortical area and 
that the cortical fields for adjacent retinal points overlap. Anatomical 
evidence upon the fineness of differentiation in the retinal projection has 
but has favored the view that there is a good 
presenting separate retinal points. 
finer degree of differentiation than 


From his physiological stud 


es somewhat uncertain, 
Th of overlap between the zones Te] 
h e present study has brought out a h 

E been demonstrated in any previous anatomical study. Small cortical 
lesions are followed by degeneration within small, sharply delimited 
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zones of the nucleus; with diverse cortical lesions the order of arrange- 
ment of the degenerated zones in the nucleus corresponds accurately to 
the order of arrangement of lesions and this is true also for diverse lesions 
in the retina. Although far from showing a cell to cell correspondence the 
evidence seems clear that the degree of differentiation and anatomical 
correspondence is finer than any anatomical units which can be dealt with 
by operative procedures. Moreover, in order to give the correspondence 
found in size of overlap for lesions and degeneration, no small point in 
the cortex can be connected with any large area in the lateral geniculate 
nucleus. Conversely, no small zone of the nucleus can be projected to a 
large cortical field, for this would result in partial, diffuse degeneration 
after small cortical lesions instead of complete degeneration of clean-cut 
areas as found. The precision and consistency of the data can be accounted 
for only upon the assumption that the units separately represented are 
exceedingly small. 


The Projection of the Field of Acute Vision 


In studies of the rat’s retina I have found a greater concentration of 
ganglion cells in the inner half of the upper temporal region than in other 
parts of the retina. This region corresponds at least roughly to the retinal 
areas in the line of fixation in binocular vision. There is some evidence 
that accurate discrimination of visual patterns does not occur unless 
they are fixated with a rather limited part of this binocular field (12). 
The projection of this area within the lateral geniculate nucleus is to 
approximately the regions numbered 2, 3, 4, and 5 in Fig. 16.4a. The 
corresponding regions of the area striata occupy the anterolateral fourth 
of the area. 

Experimental evidence also points to the greater importance of this 
than of other parts of the striate area for pattern vision. In a study of the 
effects of destruction of the striate area upon the rat’s capacity to form 
habits based upon visual pattern discrimination I found that the only area 
common to all lesions which abolished pattern vision was this antero- 
lateral portion of the striate area (9). A later study (15) showed that the 
region is not essential for discrimination of simple patterns, but its rela- 


tively greater importance for detail vision than the remaining parts of the 
striate area seems clear. 


Absence of Degeneration in the Other Optic Centers 
Fibers from the optic nerve have been described a 

lateral nucleus, pars posterior, of the thalamus, in the pretectile nucleus, 

and in the large-celled nucleus of Clark. It is still uncertain whether the 


fibers observed actually terminate in any of these nuclei or merely pass 
through them on the way to the superior colliculus (14). 
In our material several good series are 


s terminating in the 


available with complete destruc- 


PROJECTION OF RETINA ON CEREBRAL CORTEX 265 


tion of the area striata and degeneration throughout the lateral geniculate 
nucleus, pars dorsalis. The so-called optic thalamus of these AnS has 
been examined for traces of degeneration. In all of the nuclei enumerated 
above, the cells appear normal and there is no suggestion of reduction in 
their number or of the multiplication of glia cells so characteristic of de- 
generation in the lateral geniculate nucleus. The same is true of the pars 
ventralis of the lateral geniculate nucleus in which no trace of degenera- 
tion could be detected. 


The Probable Forms of Scotoma in the Rat 


In interpreting the effects of cerebral lesions upon visually determined 
reactions of animals it is difficult to distinguish between a limitation of 
the visual field by scotoma and an amnesia or agnosia for visual objects. 
Thus the controversy between Loeb (16) and Munk (18) concerning 
the existence of “psychic blindness” hinged upon the possible extent of 
Scotoma, Loeb holding that the dog’s inability to recognize objects after 
the destruction of area A was a purely sensory defect due to a restriction 
of the visual field and not, as Munk thought, a limitation of the per- 
Ceptual process. 

No method has been devised for accurate mapping of scotomas in ani- 
a and even the rough determination of hemianopsia possible with the 

Og cannot be made with the rat. For the present we must therefore fall 
ih upon anatomic data to gain any notion of the form of the restricted 
isual field after cortical lesions. 
wae our experimental work the majority of lesions which destroy the 
a ex also pierce the underlying layers of fibers. As a result there is in- 
vement not only of the cortex actually destroyed, but also of projection 
F + to regions more remote from the lower cente: 
l ne area striata are generally followed by a ch 
Cegeneration in the lateral geniculate nucleus. . . . The zone of de- 
Seneration extends diagonally downward across the nucleus from the 
mesial to the ventral surface. For practically all penetrating lesions the 
Oundaries of degeneration are parallel to those shown. This means that 
all the fibers of the optic radiation enter the anterior and lateral margins 
of the area striata and follow a parallel course diagonally mediad and 
caudad to their termination in the cortex. 
„In Fig. 16.5 I have attempted to translate t 
imitation of the visual field. A small penetrating lesion in the antero- 
lateral part of the area striata (Fig. 16.5e) should produce a scotoma in 
the lower inner margin of the half field and lesions progressively farther 
Caudad should eliminate vision through a series of zones parelleling those 


indicated in the figure. 
The condition here is seeming 


rs. Penetrating lesions 
aracteristic pattern of 


hese relations into terms of 


ly quite different from the definite 
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Fig. 16.5. The probable form of scotomas in the 
rat after penetrating lesions in the | 
of the area striata. Below is shown 
of the left area striata with five lesions indicated 
by circles and the zones of projection fibers inter- 
rupted by them suggested by broken lines. Next 
above is shown a coronal section through the 
middle of the lateral geniculate nucleus with the 
corresponding zones of degeneration. These in 
turn are projected upon the crossed and uncrossed 
retinae, as viewed from behind, and finally the 
Projection upon the visual fields is indicated. The 
asymmetrical letter F is inserted to indicate the 


inversions which occur during projection to the 
cortex, 


ateral margin 
a surface view 


PROJECTION OF RETINA ON CEREBRAL CORTEX 267 


ei o in human scotoma. There is, however, a certain re- 
ee = forms of scotoma reported by Hitzig (5) after partial 
ee - gl he optic radiation in the dog. The edges of the scotomas 
rem] y itzig rarely correspond to the horizontal axis of the eye, 
ei Hank en) across the field. The difference in direction of these 
Er z poe predicted for the rat is what might be expected from the 
m $ he striate area to the posteromesial surface of the cortex in the 

g, which would give the fibers of the radiation a course more cephalad 


through the area. 
Discussion 


ane rd and the preceding one in the series give a fairly detailed 
>. F a projection of different parts of the retina upon the cerebral 
I R the rat. The results clearly establish a “cortical retina,” as con- 
Ror by nn Not only do the retinal quadrants have separate repre- 
en on, nr the fineness of localization must approach a point-to-point 
fo aan ence to give such consistent results with the crude anatomical 
ie en available. In the projection the spacial arrangement of elements 
pean istently maintained, so that the cortical field presents not only a 
ak ic representation of different parts of the retina, but also maintains 
sentially the same relative positions of the parts represented. 

E demonstration of such a point-to-point correspondence in the 
fon pie arrangement of the visual system (reported also by Poljak 
de E monkey) still leaves the question of the functional significance of 
the s rr espondence unsettled. It is conceivable that the maintenance of 
ker en relations of the retinal elements in their projection to the cor- 
en ht be no more than an accident of growth due to the fact that 
he ng nerve fibers within a tract tend to parallel each other rather than 
A n such a case no functional significance could be attached to the 
si ai Seg of corresponding points in the peripheral and central 
on But such an interpretation 1s precluded by the complex reas- 
moar of fibers which occurs upon emergence from the chiasma and 
ee ae the optic radiation. In the rat the orderly arrangement of 
e ers seems wholly lost in the optic nerve (14), the fibers cross each 
five complexly in the optic tracts and finally resume their original rela- 

positions, but now inverted and projected in a third dimension in 


the z En 8 h 
bon lateral geniculate nucleus. Again within the optic radiation the 
z jection fibers are complexly crossed * yet emerge in the cortex after 
a inversion to reproduce the topographic arrangement of the 
Ma N R s 2 
a, once more in two dimensions. 
Margi age the optic radiation at some 
meat OF the area striata are followed by a partial deg 
thoughout ieee by the presence of a few norma 
not mai: ut the nucleus. This can only mean that the topograp! 
aintained in the radiation. i 


distance in front of the anterior 
eneration of the lateral geniculate 
1 nerve cells scattered uniformly 
hic relations of the fibers are 


3 š 
Lesions which da 
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Such facts are incomprehensible except on the assumption that not 
only is the conduction of exeitations from separate retinal ganglion cells 
over separate isolated paths to the cortex important for integration, but 
that the establishment in the cortex of a pattern of excitation correspond- 
ing in its spacial properties to the spacial pattern of excitation on the 
retina is also essential for integration. This in turn has clear implications 
concerning further stages of integration in the system. The reflexological 
theories of cerebral integration assume that the conditioned-reflex mech- 
anisms consist of chains of neurons with limited intercellular connections, 
differentiated by reduction of synaptic resistances or neurobiotactic 
growth of fibers. If this were true for the entire conditioned-reflex circuit, 
there would be no more reason for the preservation of the topographic 
relations of the sensory surface in the cortex than for the reproduction of 
the geographic distribution of the instruments of a telephone system 
upon the switchboard of the central exchange. 

The spacial reproduction of sensory surfaces upon the cortex becomes 
intelligible only upon the assumption that it forms the basis for some 
“field organization” in which the pattern of excitation in definite spacial 
relations is a determining factor in the arousal of the final motor response. 
Bethe (1) has applied this conception to the spinal reflex centers and has 
formulated a theory to account for the coordinations of walking based 
upon the relative excitation of different centers rather than upon specific 
neuron connections. I have suggested other possible types of “field or- 
ganization” (11) which conform both to the anatomical facts of localiza- 
tion and restricted conduction and to experimental data on plasticity and 
equivalence of function of parts within the system. 

A number of recent writers have expressed the view that the brain of 
the rat is relatively undifferentiated in localization of functions and that 
experimental results upon cerebral function in this animal cannot there- 
fore be generalized to higher forms in which the principle of localization 
is more fully expressed. The results of the present study make this posi- 
tion rather untenable. The visual system of the rat is clearly as highly 
differentiated with respect to anatomic localization, within the limits of 
the animal's visual acuity, as is that of primates yet this specialized sys- 
tem shows precisely those field properties of plasticity, equipotentiality 
and mass action (7, 9, 10, 11, 13) which the principle of localization is 
supposed to preclude. 

I have elsewhere summarized the experimental data upon the func- 
tions of the rat’s visual system (10, 13). After complete destruction of 
the striate areas the animals still retain some Capacity to distinguish 
separate objects in the visual field and even after complete interruption 
of the optic radiations the capacity to form habits based upon the dis- 
crimination of different degrees of luminosity is little, if at all, impaired. 
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Since after such lesions the lateral geniculate nucleus seems to undergo 
complete degeneration, these functions can scarcely be ascribed to it as I 
have formerly done. 

My finding that some discrimination of separate visual objects is possi- 


ble after destruction of the striate cortex but not after interruption of the 


optic radiations (9) was interpreted as evidence for scattered geniculo- 
but the complete 


cortical fibers to regions outside of the striate area, 
degeneration of the lateral geniculate nucleus after destruction of the 
ems to require some optic connection to 
f the lateral geniculate nucleus. Only a 
] and anatomic methods can settle 


striate cortex opposes this and sı 
the cortex other than by way © 
further refinement of experimenta 
these questions. 


Summary 

Retrograde degeneration of the lateral geniculate nucleus, pars dorsalis, 
of the rat was mapped after a variety of lesions in the cerebral cortex. 
No degeneration is evident except after lesions within the area striata. 
The projection of the lateral geniculate nucleus upon the cortex shows a 
high degree of localization which must approach a point-to-point corre- 


spondence to give the clear differentiation obtained. 
The most anteromesial part of the striate area represents the dorsal 


meridian of the eye. Along the lateral margin of the area successive sec- 
tors of the temporal quadrants are represented and the projection of the 
nasal quadrants continues along the mesial border. Concentric zones of 
the retina seem to be represented by concentric zones in the area striata. 
The binocular field is projected to the anterolateral margin of the area. 
Thus in the rat there seems to be a true cortical retina in which there is 
not only a separate representation of small retinal areas but a maintenance 
of the general topographical relations of these areas. 

No degeneration in other primary optic centers a 
striata could be demonstrated. 


fter lesions to the area 
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17. THE MECHANISM OF VISION. 
XI. A Preliminary Test of 


Innate Organization = 


Observations upon young animals (1, 4, 5) and studies of the recovery 
of vision in congenitally blind patients operated for cataract (3) suggest 
that the perception of spacial extent and of depth in the visual field is not 


dependent upon experience oF the building up of a system of motor 


habits, but is the immediate product of some coordinating mechanism 


elaborated by growth processes in the absence of visual stimulation ade- 


quate for learning. The available material is not well controlled, however, 


either from the standpoint of the past visual experience of the subjects or 


% the accuracy of the spacial localization. The experiments reported 
elow were devised to give more adequate data upon the accuracy of 
reaction to visual distance when there has been no opportunity for the 


fi : : T 
ormation of specific associations. 


Method 
Rats were reared in darkness from birth to 100 days of age and their thresh- 
olds for visual distance then determined with a minimum of practice. Females 
with litters 2 to 3 days old were placed in small cages within a large ventilated 
dark box in a dark room. Every second day the box was opened in dim light for 
not more than 10 seconds while food was supplied. These brief exposures to 
pent amounting to less than 10 minutes in 100 days, may have given opportunity 
or the formation of some visual habits. They should have been avoided, but we 
do not regard them as a serious defect in the experiment since, in the first place, 
stem of motor habits as 


the ti : 
he time was too brief for the elaboration of such a sy. 0 
ace perception; second, the maximum dimen- 

unity for formation of 


an be required for accurate sp: 

n of the cages was 25 cm. so that there was not opport 

motor habits for the range of distances used later in tests; and third, the animals 
Were wild and invariably crouched in the rear of the cages during exposure 


to light. 
For testing the limen for distance in the visual field a modified form of the 
Apparatus previously described by Russell (2) was used, This measures the 
1 EDITORS’ NOTE: P Russell, authors. From J- genet. Psychol., 1934, 
45, u some Dalle a The J ress, From the department of 


f The Journal P 
Psychology, University of Chicago. 
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force exerted by the animal in attempting to jump through a predetermined 
distance from one small platform to another. The animal is placed upon the 
recording-platform, the landing-platform is placed at a measured distance from 
the first, the animal is induced to jump, and the force exerted is recorded. The 
apparatus is calibrated to read in grams of force required to displace the 
pendulum to each scale-reading. 


The procedure in the experiment was as follows: 

1. The animal was removed from the dark cage to an artificially 
lighted room and placed on the recording-platform. The landing-platform 
was placed 5 cm. away and the animal forced to step across the gap to 
the food on the landing-platform. Five repetitions of this were sufficient 
to establish spontaneous crossing. 

2. The landing-platform was removed to 20 cm. This was the animal’s 
first sight of the landing-platform at a distance too great to span with the 
vibrissae. Five trials at this distance were given on each of two consecu- 
tive days, to establish spontaneous jumping. Between test periods the 
animals were kept in darkness. 

3. After 5 trials at 20 cm. on the second day, the distance between the 
platforms was increased to 40 cm. Records of 3 jumps at this distance 
were secured. The distance was again reduced to 20 cm. for 3 jumps, and 
again increased to 40 cm. for 3 jumps. 

4. On the following day the animal was given one jump at each of the 
distances 24, 26, 28, 30, 32, 34, 36, 38, and 40 cm. in chance order. 


Experimental Data 


Thirteen animals were put through the tests. For brevity, their indi- 
vidual records are omitted and only averages for the group are given. In 
general, their records are consistent and for each constant the number of 
cases failing to conform to the trend of the majority is reported. 


Preliminary Training. On the first jump at 20 cm. ( 
to jump to any visual object) all but 2 exerted a force in excess of that required 
to span the distance. Only one fell short of the landing-platform. During the 


practice trials all the others tended to reduce the force exerted. The averages of 
the 13 animals for the 10 successive trials were the following: 


Trial 1 2 3 4 5 


the animals’ first attempt 


ov BS 9 16 
Average force 3 14 13 10 12 tT 7 | 7 gms.? 


ed for by the animal's first 
ands almost erect on his hind feet 
s forward, overbalances, and as he 
es out the forefeet and eatches the 

ntirely changed. 
launches himself almost horizontal] ittle ‘seis aM 
latter method is adopted for unts for ; 

k a the grea 5 a 
20 cm. after the animals had jumped at 40, Prison Foes, exetted at 
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First Jump at 40 cm. After the tenth jump at 20 cm. the landing-platform 
was removed to 40 cm. All the animals were disturbed by the change, hesitating, 
stretching toward the landing-platform, and swaying from side to side. When 
they finally jumped, it was in all but 3 cases with significantly greater force 
than the last jump at 20 cm. The average force exerted by the 13 animals in 
the last 5 trials of preliminary training at 20 cm. was 6.8 gms. Their average 
force for the first jump at 40 cm. was 15.4 gms. On this trial all but one of the 
animals fell short of the landing-platform, but the increase in force above that 
at 20 cm. is significant. 

The ratios between the average force for the last 5 jumps at 20 cm, and the 
force in the first jump at 40 cm. for each of the 13 animals were the following. 


Decreased force is indicated by italics. 
6.8; 4.1; 1.9; 2.4; 3.0; 4.6; 3.4; 3.9; 5.0; 1.4; 0.9; 0.8; 0.7. 


Ten of the animals showed a significant increase in force and 7 of them in- 
creased the force by more than 300 per cent. 

Subsequent Tests at 40 and 20 cm. All but one of the animals fell short on 
the first jump at 40 cm. All were given 2 more trials at this distance. The aver- 
ages for the 8 trials at 40 cm. were 15.4, 19.7, and 26.2. The averages show a 


and the individual scores of every animal showed a similar 


Progressive increase 
and of the 39 


increase in force, The force was still inadequate for the distance, 
jumps only 5 reached the landing-platform. 

The distance between the platforms was again decreased t 
but 3 of the animals had fallen short in the last jump at 40 cm., 
if the change in the visual situation were in- 
effective. But 10 of the animals immediately reduced the force of their jump, 
so that the average was reduced from 26.2 to 22. Considerable hesitation and 
disturbance were exhibited again with the change in distance, which indicates 
that the first increase in force with the 40 cm. distance was not due merely to 


an increase in emotional tone. 


awg more trials were given at 2 
(22.0, 18.8, 14.7 gms. in the 3 


o 20 cm. Since all 
we should 


expect a further increase in force, 


0 cm., resulting in further decrease in force 
successive trials). The distance was again 


increased to 40 cm. with an immediate increase of average force from 14.7 to 
22.4. Two animals now refused to jump at this distance. Ten of the remaining 
11 increased their force. Two more trials at 40 cm. brought the average force 


up to 31.5 gms. 

_ Liminal Tests. Russell (2) has shown that animals reared under normal day- 

light conditions are able to distinguish intervals of less than 2 cm. through a 
J ased upon the scores of 8 ani- 


Tange from 26 to 36 cm. His conclusions were b: 
mals with 12 jumps at each distance and the average scores for the group show 


only one reversal in the force exerted for intervals of 1 cm. throughout this 
with our animals, since it involves 


Tange. We could not employ this method > 5 ‘ 
too much practice, but decided to give each animal one trial at each 2 cm. inter- 
val through a similar range. The distances were presented in chance order, 
thus: 28, 38 34 24, 32, etc. cm. Four of the animals refused to jump at dis- 
tances aboye 30 en. The average scores are based upon the records of the 
remaining 9. 
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The averages of force for each of the 9 intervals were the following: 


Distance 24 26 28 30 82 84 36 38 40 cm. 
=a 24.3 26.3 26.9 29.4 27.7 32.1 38.5 36.3 41.1 gms. 


The series contains two reversals of order in the force exerted with increasing 
distance, but the inversion is of only one place and the figures give conclusive 
evidence that the limen for distance is below 2 cm, throughout most of the 
range of the test. We cannot compare these data directly with the group scores 
reported by Russell because his figures are based upon the averages of 12 trials 


Table 17.1. A Comparison of the Relation of Force in Jumping to Distance to 
Be Covered for Animals Reared in Daylight and for 
Animals Reared in Darkness 


Distance 24 25 26 27 28 29 80 931 32 
Percentage force:° 
“Light” group - 100, 108 107 111: 115: 21s 117 
“Dark” group 87 100 102 112 105 
Distance 3 34 35 36 37 38 39 40 
Percentage force:° 
“Light” group 117 121 122 128 
“Dark” group 122 146 138 156 


° Force is expressed as percentage of that exerted for a jump at 26 cm, The data for 
animals reared in light are taken from Russell (2) and each figure represents the average 
of 96 records. The others are based upon a single jump for each of 9 animals, 


for each rat at each distance and the larger number of trials should decrease 
irregularities in the scores, even with animals having no lower limen. The 
individual scores which he gives (2, Table 6) are based upon 12 jumps for 
each animal and show an average of 1.8 inversions of order for the distance of 
2 cm. Our group scores are based upon an average of 9 jumps and give two 
inversions of order. On the basis of this comparison we may conclude that the 
limen for distance for the animals reared in darkness is not significantly inferior 
to that of animals reared in the light.3 


We may also compare the two groups with respect to the graduation of force 
to distance. Russell (2, p. 146) presents these figures as percentage of the force 
for a distance of 26 cm. His data are given with ours in Table 17.1. The 
gradation of force is very similar in the two series, 


3 These tests do not, of course, measure the difference limen for distance but merely give 
a figure below which the limen must lie and measure the accuracy of discrimination for 
the interval of 2 cm. The significance of the number of inversions may be estimated by a 
comparison of Russell’s data for pigmented and albino animals. The latter required. an 
interval of 4 cm. before they reached an accuracy equal to that of our Present series of 2 cm. 
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2 m in so far as the data are comparable, the animals reared in darkness do 
a en significantly inferior to those reared in light in their ability to gradu- 
ate the force of their jumps in proportion to the distance to be covered.* 


Discussion 

The results of our experiment are shown graphically in Fig. 17.1. The 
evidence seems clear that the animals, upon the first experience of a new 
visual distance, attempted to adjust the force of their jumps to the dis- 
tance and that, for a series of distances, the force was nearly as accurately 
graduated as was that of animals reared under normal daylight conditions. 

The measurement of depth perception in the animals has required 
some preliminary training in order to establish the reaction used as an 


40 


30 


20 Distance in cm 


Force in grams 


10 


o 
Averages for successive trials 


Fig. 17.1. Graphic presentation of the data of these experiments. The 
vertical bars represent the average force in grams exerted by the rats in 
their efforts to cover the distance represented by the light line above. 
Successive jumps are represented in order from left to right, except the 


last 9, which were given in chance order of distance. 


indicator. Are this training and the previous visual experience during 
introduction of food into the dark box sufficient to account for the dis- 
crimination of distance shown by the tests? The following considerations 
Seem to compel a negative answer tot 

Before the tests the animals had never jumped to a visual object. They 
had had not more than 10 minutes’ exposure to light and not one tenth of 
this time had been spent in activity which would permit of the association 
of visual distance with the effort required to cover it by running. The 10 
deal of training in j 


in perception of distance 
‘darkness is therefore all t 


his question. 


umping in various tests to 
before the liminal series 


AR » N 
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he more striking in 
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trials of preliminary training were with the landing-platform at a constant 
distance and therefore offered no opportunity for association of different 
distances with motor activity. Thus before the first test series there was 
certainly no chance for the formation of a system of motor habits with 
reference to visual stimuli at different distances. 

With the first increase in visual distance (from 20 to 40 cm.) the ani- 
mals, which had been progressively reducing the force of their jumps 
during the 10 training tests, immediately increased the force to more than 
twice that of the last 5 jumps of preliminary training. This must have 
involved either a direct adjustment to the new visual distance or a greater 
tension due to emotional disturbance by the new condition without neces- 
sary recognition of the increased distance. The latter alternative is ruled 
out by the fact that with the next shortening of the distance to 20 cm. the 
animals were again disturbed (as indicated by hesitation and stretching 
toward the landing-platform) yet immediately reduced the force of their 
jumps. 

With a total previous practice of only 13 jumps at 20 cm. and 6 at 40 
cm. the animals then in ten trials showed a difference limen for distance 
nearly or quite as low as that of animals reared in light. Only one of the 
distances in this test series (40 cm.) had been experienced before and 
seven of the animals had never succeeded in reaching the landing-platform 
at this distance. Yet for this and the 8 new distances they all showed a 
significant gradation of force. 

Tests of this type involve three factors for success in reaching the land- 
ing-platform: discrimination of the distance, gradation of the force of 
the jump in proportion to the distance, and motor coordination for an 
effective take-off and landing. In the last respect the animals reared in 
darkness are far inferior to those reared in the light. For distances above 
20 cm. more than half of their jumps fell short or missed the landing- 
platform. The actual force expended was as great as that of the animals in 


Russell's previous series but the accuracy of control w. 


as significantly 
less. 


These facts seem to admit of only one interpretation. The discrimination 
of visual depth and the regulation of the force of the jump in relation to 
the distance are not dependent upon past experience. The association of 
the perceptual mechanism for visual depth with motor discharges of 
graded intensity is an inherent property of the reaction mechanism, inde- 
pendent of learning and therefore presumably a product of the growth 
processes in the nervous system. The coordinations in jumping, placing 
the feet, poising and directing the body before jumping, balancing and 
placing the feet for a landing, and the adjustment of the absolute energy 
to the absolute distance to be covered are dependent upon specific learn- 
ing processes, But underlying these acquired reactions there seems also 
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to be an innate mechanism by which the relative force exerted is immedi- 
ately adjusted to the relative distance. 

In the experienced animal the discrimination of distance is a complex 
affair, involving binocular and monocular parallax, and changes in appar- 
ent size and brightness. Which of these enter into the innate discrimination 
of distance cannot now be determined. The elaborate tests necessary to 
differentiate the various factors would defeat their purpose by the amount 
of practice which they require. 


Summary 


Thirteen rats were reared to 100 
light of not more than 10 minutes. They 
a space of 20 cm. from a platform arranged to record the force exerted in 
jumping. When the distance to be covered was first increased they showed 
a significant increase in force. Tests of the regulation of the force exerted 
to the distance to be covered showed nearly, if not quite, as great accuracy 
as was previously determined for animals reared in light. From these data 
it is concluded that the visual perception of distance and gradation of 
force in jumping to compensate for distance are not acquired by learning, 
but are the product of some innately organized neural mechanism. 


days of age with a total exposure to 
were then trained to jump across 
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18. STUDIES OF CEREBRAL FUNCTION 
IN LEARNING. XI. The Behavior of the 


Rat in Latch-box Situations ' 


Studies of the rate of learning subsequent to lesions in the cerebral cortex 
of the rat have given diverse results, depending upon the type of prob- 
lem used in the study. In maze learning (9, 17), “reasoning problems” 
(19, 20), the discrimination of two lights (10), reaction to sound (30), 
and the delayed alternation problem (18) animals with cerebral lesions 
are definitely retarded in learning. In contrast to these results, no retarda- 
tion has been found in the formation of habits based upon reaction to 
light in the Yerkes box, even after complete destruction of the striate 
areas of the cerebrum. The association of motor reactions with visual 
patterns is also little, if at all, retarded by lesions unless the projection 
area for binocular vision is almost completely destroyed (13). Most 
puzzling of the situations in which cerebral lesions produce no retarda- 
tion has been the double platform box described by Lashley (8). Nine- 
teen animals with cortical lesions ranging from 14 to 50 per cent of the 
neocortex and ten normal controls were trained on this problem. The 
operated animals were actually 44.6 per cent superior to the controls 
with the difference six times its probable error. Segregation of cases with 
motor disorders showed that the problem favored such animals, but the 
operated animals without obvious motor symptoms were still somewhat 
superior to the normal ones. The correlation between extent of lesion and 
trials for learning was p = —0.24. Corrected for cases with paretic symp- 
toms this correlation became p = —0.07, which shows that there was no 
significant relation between extent of lesion and learning. 

In striking contrast to these results, more recent studies with mazes 
and other problems have revealed a marked retardation in learning after 
cerebral lesions and a significant correlation between extent of lesions and 
rate of learning. The reason for the discrepancy is by no means clear. 


1 EDITORS’ NOTE: From Comp. Psychol. Monogr., 1935, 11 (2 ‚5-40 b; 
permission of the Johns Hopkins Press. From department of RREA ss Of 
Chicago, > 


278 


BEHAVIOR OF RATS IN LATCH BOXES 279 


Superficially the task set by the double platform box resembles that of the 
maze. Both seem to require the same sensory-motor activities and both 
prescribe a definite path from starting to food boxes. The final path for 
the double platform box is at least as complex as the true path in a maze 
with three or four culs de sac and the opportunities for departure from it 
considerably greater. We should therefore expect that the behavior of 
animals with cerebral lesions should be somewhat similar in the two situ- 
ations. But animals with an average lesion of 24 per cent of the neopallium 
gave no evidence of retardation in the double platform box whereas a 
group with scarcely larger lesions (31 per cent) were retarded by almost 
200 per cent in a maze with three culs de sac (9). 

In attempting to account for this difference I suggested that the prob- 
lems set by the discrimination and latch boxes are psychologically simpler 
than those of the mazes or “reasoning problems,” assuming that the maze 
involves a thorough integration of sensory impressions into a “sense of 
direction,” whereas the latch and discrimination boxes involve only the 
formation of a few sensory-motor associations. Pavlov (21) has criticized 
this interpretation. He points out that the practice required by normal 
animals for learning of latch and discrimination boxes is many times that 
required for any maze and that, since the difficulty of a problem is the 
only available criterion of its complexity, my assumptions concerning 
Psychological complexity of different problems were not supported by 
objective evidence. 

The factors which determine the difficulty of a psychological task have 
not yet been clearly defined. We speak of the complexity of a problem or 
of a relation to be perceived without any clear notion of what constitutes 
Complexity, using the term almost as synonymous with difficulty. Objec- 
tively, the contrast of simple and complex refers to the relative number 
of items involved in the situation. In many earlier discussions the diff- 
culty of a task for learning has been identified with the number of items 
involved, as seems implied in Thorndike’s hypothesis that the quality of 
intellect depends upon the quantity of connections available (26, pp. 412- 
432). Studies of the relation of length of task to rate of learning (27) 
show that the number of elements is an important factor in determining 
the difficulty of a learning situation. Wiley and I (17) have found, how- 
ever, that reduplication of elements in the maze situations does not in- 
Crease the relative difficulty of the maze for animals with cerebral lesions. 

his means that the problems which are relatively more difficult for 
animals with cerebral lesions than for normal ones do not owe this differ- 
ence to the mere number of elements which they present for association. 

As an alternative to such an explanation in terms of number of 
associated, there seems to remain only some unknown qualitative differ- 
ence in the tasks which makes some more difficult for animals with cere- 
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bral lesions. The evidence is as yet inadequate for any satisfactory defini- 
tion of these qualitative differences. The purely sensory aspects of the 
problems seem of relatively minor importance, since sense privation does 
not produce a retardation comparable to that resulting from cerebral 
lesions (12, 28) and the double platform box and brightness-discrimina- 
tion habits are formed at normal rate in the absence of the cerebral 
sensory areas most likely to be involved in the habits. 

Krechevsky (7) has presented objective evidence that the behavior of 
the rat in the discrimination box consists of a series of systematic reac- 
tions each appearing and disappearing as a unit (going to the right, going 
to the light, alternating, ete.). Each of these reactions consists of many 
sensory-motor activities but in learning serves as a unit which may become 
stereotyped in a few successful trials. This confirms my interpretation of 
learning in the discrimination box as involving fewer items in association 
than does learning of the maze. But in view of the more recent work on 
the relation of the number of culs de sac to rate of learning (17) this is 
not a satisfactory explanation of the relatively greater difficulty of the 

maze than of the double platform box for animals with cerebral lesions, 

If neither number of items nor limitation imposed by specific sensory 
defects is responsible for the greater difficulty of some problems for ani- 
mals with cerebral lesions, we are thrown back upon a vague notion of 
some qualitative difference in the relations which must be perceived by 
the animal under the different conditions. The present experiments were 
undertaken in an effort to discover the distinctive features in the rat’s 
learning of the latch box which exempt this habit from the retarding ef- 


fects of cerebral lesions so evident in the learning of other 
The questions proposed 
following: 


1. Can the original results with the double platform box be confirmed 
in an independent experiment? 


2. If so, is the absence of influence of cerebral lesion characteristic of 
all learning of latch boxes? 


3. If the learning of some latch boxes is retarded by cerebral lesions, 
what are the distinguishing features of such boxes? 


4. Is the retardation due to simple sensory and motor defects or to some 
other effect of the cerebral lesion? 


The experiment consisted in the tra 
upon five latch boxes requiring divers 
groups were the following: (a) Twenty normal controls; (b) thirty-eight 
animals with lesions of diverse magnitudes covering most of the cerebral 
cortex; (c) ten animals peripherally blinded, without vibrissae, and with 


the dorsal funiculus of the spinal cord cut in the upper cervical region, 
as controls for sensory defect. 


problems. 
at the beginning of the experiment were the 


ining of three groups of animals 
e sensory-motor adjustments. The 
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Training Situations 


Five latch boxes were devised for the experiment. Three appeared to 
require the association of a single homogeneous act (pushing, pulling at 
a definite object, or gnawing) with getting food, the others a sequence of 
acts (pulling a latch and holding open the door while shifting posture to 
get behind it, or the successive pressing of two latches in predetermined 
order). The latches differed also in other respects: in their conspicuous- 
ness and ease of chance operation, in the directness of their relation to 
the opening of the boxes, and in the motor control required for their 
manipulation. 
f The latches used are shown in Fig. 18.1. They were arranged upon 
interchangeable partitions which could be inserted in a rectangular box, 
closing off a restraining cage 30 X 45 cm. from a smaller food compart- 
ment. A device in the latter provided for automatic stopping of the time 
clock when the animal reached the food. The latches are described below: 


al rod, 3 mm. in diameter, extends horizontally from 
artition, 2 cm. from the screen and 8 cm. 
ves, is at the left end of the partition, 


l. Single Lever. A met 
the right end to the middle of the p 
from the floor. The door, sliding in groo 
8 cm. from the end of the rod. Pressing down on the rod with a weight of 20 
gms. through an arc of 10 degrees releases the door, which is raised by a light 
Spring. Criterion of learning: an average of 3 seconds per trial for 5 consecutive 
trials, Limit of training: 100 trials. 

2. Paper Strip. The door, in the middle of the partition, is held shut by a 
Strip of newsprint, 1 cm. broad by 5 cm. long, fastened between two toothed 
clips attached to the sill and door. The average tensile strength of the strips 


is 200 gms. The animal must cut or tear the paper strip in two in order to 
release the door, which is raised by a spring. Criterion of learning: an average 
tive trials. Limit of training: 50 trials. 


of 3 seconds per trial for 5 consecu 

3. Spring Door. A light wooden door, hinged to swing to the left, is held 
closed by a spring with a tension of about 10 gms. per centimeter. A wire 
handle is attached to the door 1 cm. from the free edge. The edges of the door 
fit flush in the frame and the door can only be opened by pulling the handle. 

he animal must pull the door open with teeth or paws, then shift his grip so 
as to get around the edge of the door while holding it open against the pull of 
the spring. Two initial trials with the spring detached from the door were 
given before formal training was begun. Criterion of learning: an average of 
3 seconds per trial for 5 consecutive trials. Limit of training: 50 trials. 

4. Pull Chain. The door is in the middle of the partition. At the right, next 
to the edge of the door a lever covered by a metal guard projects 10 cm. in 
front of the partition. A chain, suspended from the end of the lever, reaches to 

sp the chain with teeth or paws 


Withi 3 
ithin 3 cm. of the floor. The animal must gra ith teeth 
release the door, which is raised by a 


and pull down with a force of 20 gms. to ; 
Spring. In working the latch many animals climb on the metal guard, get their 
J ack to the floor. 


cet entangled in the chain and release the latch in scrambling b 
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Some of the operated animals never improved on this method, which was too 


slow to meet the criterion, an average of 3 seconds per trial for 5 consecutive 
trials. Limit of training: 50 trials. 


Fig. 18.1. Partitions bearing the latches. I } i i 
grooves between the starting and food boxes; ka) es z a 
strip, (c) spring door, (d) pull chain, (e) double latch. X 1/6. ` 2 
5. Double Latch. The door is at the right of the partiti 

the door a metal rod 3 mm. in dist nis ae ee 


; er and 8 cm. from the Al j 
horizontally from the partition. At the left, 30 cm. from the utilis te poe 
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platform, 6 x 8 cm. and 1 cm. from the floor, attached to a projecting support. 
To release the door the animal must first depress the metal rod through a dis- 
tance of 2 cm. with a force of 20 gms. He must then turn away from the door 
and step on the platform. This sequence of acts releases the door, which is raised 
by a spring. Criterion of learning: an average of 5 seconds per trial for 5 con- 
secutive trials in three of which the latches must be attacked in the correct 
a without any departure from the most direct path. Limit of training: 200 
trials. 


The double latch described above is a modified form of the original 
double platform box. The modifications were introduced to avoid two 
defects of the original box. In the latter, the use of two low platforms 
favored animals with partial motor paralysis, since they tended less than 
normals to jump over obstructions in their path. With the present box the 
animal must rise on his hind feet to reach the lever. In the original box 
the platforms were both located against the walls of the food box so that 
an animal running in contact with the walls would accidentally trip the 
latches without any specific reaction to them. In the present box the 
platform is located almost in the middle of the restraining compartment, 
so that the animal must give up his usual habit of keeping in contact with 


the walls and seek out the platform. 


Methods of Training 
Each animal was trained in the five problems in the order in which they 
e lever and ending with the double 


are listed above, beginning with the singl 
latch. In training through such a series there are various transfer effects from 
one problem to the next. Since our interest is primarily in a comparison of nor- 
mal and operated animals trained under similar conditions, these transfer effects 
may be disregarded except where the question of the relative ability of the two 
Sroups to profit by previous training is concerned. j l r 
Hunger was used as incentive and during the experimental period the animals 
were fed enough to maintain weight. On the first problem the animals were al- 
lowed to explore the restraining and food cages with the door open for 30 
minutes on each of three days preceding the beginning of formal training. With 
the other problems they were confronted with the locked door from the first, 
On the first trial with each box, if the animal failed to operate the latch within 
30 minutes, he was fed returned to the home cage, and the trial continued on 
the following day Failing for three such periods, he was left in the box over 
night with a devis which automatically recorded the time at which the door 
Hel opened. If he had not operated the re bes = nights, a total of about 
ours, he was recorded as “failing on the first trial. i e 
For the animals EN m iie latches, training was continued until F 
arbitrary criterion of complete learning was reached. This was an average 0 
3 to 5 seconds per trial for 5 consecutive trials as indicated in the descriptions 
of the different latches. With each problem an arbitrary limit was set for train- 


ing, 100 trials for the single lever, 200 for the double latch, and 50 for the others, 
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at which point training was discontinued. Animals which did not satisfy the 
criterion within these numbers of trials are referred to in later discussions as 
having failed to learn, although all showed significant improvement with respect 
to directness of attack on the latches and in time per trial. 

For statistical treatment the animals which failed to reach the criterion were 
grouped together as having equal scores. The animals which failed on the first 
trial were included with the others for correlation purposes and ranked as worse 
than the animals which failed to reach the criterion, Their inclusion in this way 
is at least partially justified by the fact that, in those problems where they did 
operate the latches, their scores were among the worst. 


Table 18.1. Intercorrelations of Training Scores of Animals with Cerebral 
Lesions on the Different Problems (Rank Order) ° 


Per 
S.L. P.S. S.D. P.C. D.L. D.L. cent 
Tr. PST. Tr. SDT. Tr. ECT. Te Te Tr. lesion 


0.65 0.15 0.11 0.28 0.36 0.40 0.35 0.33 0.41 0.18 
0.40 0.43 059 0.55 0.65 0.46 0.58 0.18 0.48 
0.65 0.49 0.56 048 0.47 0.18 0.09 0,48 

0.66 0.78 055 0.65 0.35 0.18 0.51 

0.88 0.70 065 0.41 0,35 0.68 

0.72 0.71 047 0.42 0.61 


0.86 0.09 
0.12 
imple lever D.L., double latch 
paper strip T., time 
spring door Tr., trials 


P.C., pull chain 


The probable errors range from 0.03 to 0.12 


in inverse proportion to the magnitude of 
the correlations. 


As measures of learning, total time and total tri 
the criterion have been used. Neither is a ve 
sible to make allowance in the time 
inactivity, so that the time score fa 
animal which learns with little actu 
animal which works persistently in nonadaptive ways. The sco: 
dependent upon final speed of performance and may therefore vary with physi- 
ological factors which are not related to the processes of the problem solving or 
fixation of habits. No other objective criterion of performance in the latch boxes 
is available, however, so we must be content with the time scores, 
lowance for their more obvious defects, 

Heron (5) has shown that the reli 


als preceding the five meeting 
ty satisfactory index. It 
score for irrelevant activity or 
ils to differentiate between th 
al attention to the problem 


is impos- 
periods of 
e inactive 
and the active 
re for trials is 


making al- 


ability of latch boxes for the determination 
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iy sel Siras is very low when the differences represent the range 
Ta a ol n group of normal animals. I have computed intercorrelations of 
with eng | problems of this experiment for normal animals and for animals 
Be 2 f esions. For the normal animals the average correlation of scores 
firme , Ne problems is 0.21 with a range from —0.17 to +0.53. This con- 
ee i Conches that the latch box is not a reliable instrument for 
Wit g individual differences within a normal group. 
chen i get cases, however, the correlation of scores on different 
Parse, = high. The correlations for trials (rank order) for the animals with 
can i lesions are given in Table 18.1. In general, they show that for the paper- 
The pis en and pull-chain problems individual performance is consistent. 
eed nge lever and the double latch show the least consistency, giving an 
= rage correlation of 0.36 with the other problems, whereas the latter show 
Pe mge intercorrelation among themselves of 0.60. The low correlations for 
the a ang last problems may indicate that they have a lower reliability than 
Kon ners: It may, however, be due to the low correlation between per- 
ete ne and extent of lesion for these problems, since the extent of lesion is 
cca ly the common factor in determining the higher correlations for the other 


Experimental Animals 

. The animals used were pigmented male rats from a strain derived by 
interbreeding Wistar, hooded, and trapped wild stock. They were taken 
at random from the colony when about 150 days old and distributed to 
the experimental groups. For this type of work the control of individual 
differences does not seem of great importance, since the effects of the 
Operative procedures are not regarded as significant unless they greatly 
exceed the range of normal variation of the group. I have never been able 
to demonstrate any relation between preoperative and postoperative 
training records in animals tested for the effects of cerebral lesions, so it 
Appears that any individual differences are obscured by the far greater 


differences induced by the lesions. 
Three differentially treated groups W 
a were trained at the same time, to m 
handling and in the procedures of training. 
ing: 
= - Normal controls. Twenty animal $ ; 
2. Cases with cerebral lesions. Thirty-eight animals are included in this 
group. . . . They were subjected to operations on the cerebral cortex in 


Which various amounts of tissue Were destroyed, the series covering rather 
the neopallium. In the 


Completely all of the dorsal and lateral surfaces of 
group were included 7 cases (numbers 19, 25, 27, 29, 36, 37, and 38) 
which had had some previous training in another problem. These animals 


Were operated by Mr. H. G. Swann for use in tests of olfaction. They 
showed disturbances of orientation and difficulty in adaptation to his 


ere used. Members from all of the 
aintain greater uniformity in 
The groups were the follow- 


s were included in this group. . . - 
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apparatus which indicated serious general retardation. All ultimately 
passed his tests for olfactory discrimination, however. 

3. Sensory controls. To test the influence of sensory defects upon the 
learning of the latch boxes a number of animals were prepared as fol- 
lows: The dorsal funiculus of the spinal cord, including the fasciculus 
gracilis and f. cuneatus and in most cases the pyramidal tract, was cut 
through at the level of the second cervical arch. The eyes were enucleated 
and the vibrissae trimmed close to the skin. 

The character of the defects resulting from such spinal lesions is not 
well established. For the first days following the operation there are 
marked sensory and motor disturbances which largely disappear in the 
course of two weeks. The residual defects have been described by Lashley 
and Ball (16) and seem chiefly postural. The animals occasionally drag 
the hind feet for a few steps. Cutaneous sensitivity seems unaffected, 
except that a good many of the animals gnaw their feet. The reason for 
this is not clear, but is probably an analgesia with, perhaps, referred irri- 
tation from the spinal wound. Ten animals of this group remained in good 
condition throughout the training in the five problems. 


The Effects of Cerebral Lesions upon Learning in the Latch Boxes 


and 
rning 
e training records of 
. .. The differences 

The averages are 
based upon all cases which met the criterion or which were trained to 
the arbitrary limit for the problem, Additional animals, as noted in Table 


and therefore had no 
me respects these are 


ments with the maze (17). Its effe 
varied significantly for the different boxes. 


The comparison of the normal and operated animals on t 
(single lever) is somewhat complicated by a difference in wildness at the begin- 
ning of the experiment. The operated animals with extensive lesions required 
hand feeding for some days after operation and consequently were accustomed 
to handling. The group contained in addition the seven animals which had had 
previous training in the experiment on olfactory sensitivity. The normal animals 
had only such adaptation to handling 


as was gained through three days of feed- 
ing in the apparatus. Their greater timidity is indicated by the consumption of 


he first problem 
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a relatively greater amount of time in the first trials, by a tendency toward in- 
crease in time for successive trials in each day’s training, and by efforts to 
escape when handled. 2 . 

The difference in wildness certainly did not persist beyond the first problem, 
since the criterion of 3 seconds per trial could not be met by an animal showing 
the least hesitation or avoidance of the experimenter. It makes the records for 
the first problem of doubtful value, however, since it probably raised the scores 
of the normal in comparison to those of the operated animals. 

The average scores of the normal and operated animals in the single-lever 
problem are not reliably different. In time, the operated animals are 24 per 
cent superior, in trials 19 per cent inferior. Neither difference is twice its 
probable error. That a real inferiority of the operated animals is obscured by 
the wildness of the normal ones is indicated by the correlation between extent 
of lesion and trials for learning (p = 0.48) reported for this problem in a 
following section. From this it follows that the animals with small lesions made 
better scores than the normals, surely due to the greater timidity of the latter. 
That the effect of the lesions was not as great for the single lever as for some of 

the other problems is attested by the facts that none of the operated animals 
failed to operate the latch and only one failed to meet the criterion of complete 
learning. 

For the other problems the statistical differences may be regarded as signifi- 
cant for the effects of cerebral lesions. With the paper strip, the spring door, 
and the pull chain the operated animals were markedly inferior to the normals. 
The percentage retardation ranges from 45 for trials on the paper strip to 600 
for time on the spring door. These differences are based upon the scores of the 
animals which operated the latches. In addition nearly one-fourth of the oper- 
ated animals failed in the first trial on the paper strip and spring door and one- 
fourth failed to reach the criterion with the pull chain, whereas there was no 
failure among the normal animals. The average scores and numbers of animals 
failing give conclusive evidence that the animals with cerebral lesions are 
inferior in solving or learning these problems. 


In contrast to the results with the three preceding tasks, the double-latch 
problem reveals no significant difference between the norm 
animals. The former are 8.3 per cent superior in trials but 7. 


in time and neither difference is gre: 


al and operated 
-2 per cent inferior 


ater than its probable error. Five of the 
operated and only one of the normal animals failed to meet the criterion, but 


these animals were all making direct solutions of the problem without departure 
from the most direct path and the greater number of operated cases failing may 
be largely discounted as indicating only that the movements of the animals 
with large lesions are somewhat slower than those of norm 
scores show quite definitely that the ce 
upon the rate of learning of the double | 


als. The training 
rebral lesions have no effect whatever 
atch box. 


The training scores for the five problems thus show 
ence in the effects of cerebral injury upon the learning of the different 


problems. The paper strip, spring door, and pull chain are significantly 
more difficult for animals with extensive cerebral lesions than for normal 


a surprising differ- 
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ones, as attested both by the greater amount of practice required to reach 
the criterion of complete learning and also by the number of operated 
cases which failed to operate the catches in the first trial. The double latch 
box, on the contrary, does not reveal any significant difference between 
normal and operated animals. This result is in accord with my earlier 
study of the double platform box, in which animals with very extensive 
lesions learned at normal rate. i 

A verification of these results by another method of treating the data is 
provided by the analysis of the relation between extent of lesion and the 
learning scores, which will be presented in a later section. Before this 
material is presented and the significance of the difference between the 
problems is considered, it is desirable to consider the effects of lesions in 
different parts of the cortex, and those of peripheral sense privation. 


The Influence of Locus of Lesion 

‚Our knowledge of the projection fie 
still very inadequate as a basis for functional analysis. I have found that 
Projection of the lateral geniculate nucleus is definitely restricted to the 
Striate area and that this area is associated with detail vision (15). Wiley’s 
Studies (30) show auditory function associated with Fortuyn’s field p. 

have not yet been able to define accurately the limits of projection of 
the median geniculate nucleus, but it is much less extensive than field p, 
leaving a band of cortex without clear subcortical relations which is fully 
as wide as the striate area between the visual and auditory areas, as de- 
scribed by Cajal (24) from studies with the Golgi method. Bard and 
Brooks (1) have described a zone on the dorsal convexity of the hemi- 
Sphere in front of the striate area, injury to which abolishes the “hopping” 
and “placing” reactions, which are tactile- and kinesthetic-motor. They 
interpret the area as motor and it lies within the electrostimulable zone, 
Dut lesions in the area are followed by extensive degeneration in the 
lateral thalamic nuclei, so this region also represents the projection field 
or kinesthetic and tactile impulses and the defects described are more 


Probably due to reduced sensitivity. This interpretation is consistent with 
usser de Barenne’s observation (2) that in the cat the tactile and motor 
elds overlap. The field does not coincide clearly with any well marked 
cytoarchitectural area. The special functions of the large lateral field 
esignated j by Fortuyn remain obscure. Animals with extensive lesions 


in this region sometimes show postural abnormalities, of not very pro- 
nounced character. The area also contains stimulable points for the move- 
ments of the jaws. Lesions within the region are attended by degenerative 
changes in the ventral anterior and ventrolateral nuclei, according to 

aller’s recent analysis (29). This would relate the area also to the 


RE š 
actile or kinesthetic system. 


lds of the rat’s cerebral cortex is 
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The frontal regions are electrostimulable, giving rise to movements of 
the head and fore paws. Extensive lesions in this region are attended by 
some paresis, but not enough to interfere with manipulative movements 
of the head and fore limbs. The clearest evidence of its motor functions is 
the demonstration by Peterson (22) of the change in preferential use of 
the fore paws after small unilateral lesions. 

The mesial cortical fields and the large masses of the archipallium 
probably have close connections with the olfactory system, but Swann 
(25) has been unable to demonstrate any disturbances in olfactory func- 
tion from large lesions anywhere within the system. The functions of this 
great mass of primitive cortex remain obscure. 

If my observations of the visual and auditory projection fields are 
confirmed, we shall probably find that the associative fields of the rat’s 


cortex are relatively large, occupying an equal area to that of the pro- 


jection fields. Their functions in relation to projection fields cannot be 
stated even for man. 


The limited number of cases and irregular distribution of lesions in the 
present series makes any attempt at detailed analysis of the influence of locus of 
lesion unprofitable. We may ask, however, whether there is any indication of 
greater effectiveness of lesions in one than another part of the cortex in produc- 
ing retardation in the latch-box situations. To test this I have selected cases with 
the lesions confined to certain groups of functional areas and have computed 
the average extent of lesion for each group and the average scores for the paper- 
strip, spring-door, and pull-chain problems in which retardation of learning oc- 
curred. Since most of the lesions are larger than the extent of any single cortical 
field, I have classified the cases in such a way as to give groups involving vari- 
ous combinations of fields, without significant destruction within more than 
two major fields. For example, there are a few cases with lesions restricted to 
the striate area, but in the majority of animals with lesions in this field the 
lesions extend also either into the auditory or into the somesthetic fields. These 
are divided into two groups: visual (auditory) in which the lesions extend 
laterad from the striate area, and visual (somesthetic) in which the lesions 
extend in front of the striate areas. The groups and the cases included in each 
wets the following: Auditory, numbers 1, 2, 3, 4, 5, 6, 13; visual, 8, 9, 11, 15, 
20; somesthetic (motor), 7, 10, 27, 29, 32; visual (somesthetic), 16, 18, 21, 24, 
25; visual (auditory), 22, 26, 28, 30, 31, 33; motor (somesthetic), 14, 23, 34, 


Table 18.3. The table reveals a relation between 


35. The averages are given in 
extent of lesion and degree of retardation, With allowance for the difference in 
extent of lesion, there is no clear indication that any field is more concerned 
in the formation of the habit than any other. 


The visual (auditor d the 
motor (somesthetic) groups involve little overl: er 


mest} 5 ap and give an equal amount 
of retardation in learning, The larger lesions in both groups extend somewhat 
into the somesthetic field, but the retardation cannot be due to destruction of 
this common area, for the area 


: was more completely involved in the somes- 
thetic group, with considerably less average retardation. 
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Table 18.3. Average Training Scores for Animals with Lesions Restricted to 
Different Areas ° 


c mm nn 


Average Average 

Areas invaded lesion trials 
Auditory 6.9 9.3 
Visual 18.2 16.2 
Somesthetic (motor) 26.1 23.3 
Visual (somesthetic ) 28.8 23.0 
Visual (auditory) 29.8 33.2 
34.6 33.0 


Motor (somesthetic) 


° The first column gives the locus of lesion, the second the average extent of lesion for the 
group, the third the average learning score in trials for the three problems noted in the text. 
gi ere nore than one area is significantly involved, the one more completely destroyed is 
given first, fi 


The evidence upon the effects of lesions in different loci cannot be re- 
garded as conclusive. It indicates, however, that the formation of the 
habit is not conditioned by the intactness of any particular part of the 
cortex and that the retardation cannot be ascribed to the destruction of 
any particular sensory or motor cortical field. Two alternative interpreta- 
tions of this result are possible: the retardation from lesions in different 
areas may be due to the fact that different sensory functions are involved 
in the problems and that the loss of different cortical sensory fields may 
Produce retardation through sense privation; or the retardation may be 

ue to some more general effect of cerebral lesion such as I have postu- 
lated to explain retardation in maze learning (9). To test the possible 
effects of sense privation, I have carried out the following control ex- 


Periment. 


The Effects of Sense Privation upon Learning of the Latch Boxes 

The regions of the cortex included in the lesions of the cases considered 
above were the motor, tacto-somesthetic, visual, and auditory. The sensory 
disturbances which we have been able to observe after lesions in any of these 
elds are limited and, unless the entire sensory field is destroyed, do not inter- 
ere seriously with ihe formation of sensory habits. Thus learning of habits 
pendent upon detail vision may go On at normal rate if any small part of the 
Projection field for binocular vision is left intacts auditory habits, at least to the 
Presence and absence of sound, are formed nearly normally in the absence of 
field P (30); habits based on olfactory discrimination are retained after destruc- 


ion of any part of the olfactory cortex (25). Data on tactile and kinesthetic 
habits are atkins, ame Ir from clinical data that such habits are not 
More dependent upon small cortical areas than are other habits. In general, the 
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sensory defects from cortical lesions are less severe than those produced by 
destruction of the peripheral apparatus. 
In the experiment reported below an attempt was made to produce by 
peripheral lesions sensory defects which should be at least as severe as any 
resulting from the maximal cerebral lesions included in this study. To effect 
this a group of animals was subjected to enucleation of the eyes, removal of 
the vibrissae, and transection of the dorsal funiculus of the spinal cord in the 
second or third cervical segment. These animals were certainly blind and lack- 
ing in such distance perception as is provided by the vibrissae. In addition they 
suffered some diminution of tactile and kinesthetic sensitivity, giving symptoms 
somewhat more severe than I have ever observed after cerebral lesions. Although 
we cannot be certain, there is good evidence that these animals were as sev 
handicapped with respect to sensory capacities as 
lesions. Exception must be made with respect to the tactile and kinesthetic 
sensitivity of the head. I have never been able to detect disturbances of this 
sort in the rat after cerebral lesions and in man sensory disturbances of cerebral 
origin in the face and head are generally held to be of rare occurrence. Gold- 
stein and Reichmann (3), however, find them quite generally after cerebral 
lesions which produce hemianesthesia of the trunk. Our methods of testing 


tactile and organic sensitivity of the rat are unreliable, and anesthesias of the 
head and neck may well have escaped notice. There seems little reason to 
believe, however, that the cutaneous sensitivity of the 


pulses from the neck can be an important factor in the 


boxes, since the animals manipulate most of the 1 
their paws. 


erely 
any of the cases with cerebral 


head or postural im- 
learning of the latch 
atches almost entirely with 


These animals were trained with the latch boxes under the same conditions 
as the normal and cerebral groups. Their training records are . . . summarized 
in comparison with the records of the other groups in Table 18.4. 

Table 18.4, A Comparison of Normal Animals (1), All Animals Having 

Cerebral Lesions (2), Animals with Peripheral Sensory-motor Defects (3), 

and Animals with Cerebral Lesions Extensive Enough to Produce Similar 
Sensory-motor Defects (4), with Respect to Trials for Learning 


Single Paper Spring Pull Double 


lever strip door chain latch 

(1) Normal 36 1]: 6 11 8 
3 

(2) All cerebral 43 16 14 28 90 
(3) Peripheral defects 84 19 12 32 75 
(4) Cerebral sensory 54 30 24 45 97 


Sketches of the spinal lesions . . , [were prepared]. The lesions in numbers 61 
and 68 were very superficial and included not more than the dorsal third of 


the dorsal funiculus. In numbers 59, 63, and 65 the entire dorsal funiculus, 
including the corticospinal tract, was completely interrupted. In numbers 60, 
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nn practically the whole of the fasciculus gracilis and f. cuneatus of 
Len hy = destroyed with the cerebro-spinal tract left intact. In numbers 
nn parts of the sensory as well as the entire motor path remained 
M cn E with the normal group these animals with sense privation are 
ten Be led for all problems except the double latch box. The average 
oo a ep] is slightly greater than that of the animals with cerebral 
siderito = ‘animals which failed on the first trial are not taken into con- 
ee his result might justify the conclusion that the major factor in the 
sit i hion of the cases with cerebral lesion is also their sensory defect. The 
ee of averages is, however, misleading since the average for the 
ie i d group with cerebral lesions does not include the animals which failed 

he first trial and does include a number of cases in which the lesion is 


suc ated 
ch as to have produced no significant sensory or motor defect. 
t select those cases in which the cerebral 


F ar 5 
or a pertinent comparison we mus 
arable to 


her T such as to make probable a grade of sensory defect comp: 
a the animals with defects of peripheral origin. Only three of the animals 
Ne ige lesions (numbers 56, 57, and 58) have invasion of the visual, 
er i hetic, and motor fields likely to produce disorganization of these sensory 
Sane moe functions. In addition, numbers 44, 45, 50, 53, 54, and 55 have le- 
Pai ey invading the visual and somesthetic or somesthetic and motor 
Be efect in more than one sensory field cannot be surely ascribed to other 
nimals of the series. 
en records of these nine cases with the possibility of severe sensory defect 
the ne are also summarized in Table 18.4. Sixty per cent failed on 
the i trial in the paper-strip and spring-door problems and 20 per cent with 
re chain, in contrast to no such failures among the peripherally operated 
ika i On these three problems also, the cerebral cases which did get in on 
erall rst trial required significantly more trials for learning than did the periph- 
avy Operated cases. 
Teie most striking characteristic of the peripherally operated cases was their 
iut aby: in the first problem. More than half of the total time consumed by them 
the Te” was spent crouching before the open door of the box after releasing 
on atch. This accounts for their bad records on the first problem (6,000 
6 ends, 84 trials). No such behavior appeared in the cases with cerebral 
em (1,800 seconds, 43 trials). 
peri te when we contrast the records of 
a le origin with those of animals in w 
fost ced sensory-motor defects of comparable sev B late 
ntly poorer learning records, where both groups are inferior to normals. 
vis result is in accord with what I have found in previous studies (9, 12). 
Jere a habit may be formed in terms of diverse sensory cues, limited sense 
Privation of peripheral origin produces less disturbance of learning than the 
struction’ of the corresponding cortical fields. The conclusion is justified that 
ne defects of learning following cerebral lesions are not explicable wholly in 
tms of the sensory-motor defects produced. In addition to these sensory and 
motor functions we seem forced to postulate some activity of the areas in 


animals with sensory-motor defects of 
hich the cerebral lesions may have 
erity, the latter show signif- 


th 
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question which when abolished decreases learning capacity of sensory-motor 
mechanisms not directly involved in the lesion. 


Relation of the Extent of Lesion to the Degree of Retardation 


The surface areas of the lesions were plotted on conventional diagrams and 
measured by the methods previously reported (9). . . . Correlation coefficients 
between extent of lesion and the trial and time scores for each of the problems 
have been computed by the method of rank orders. In computing these, the 
animals which failed on the first trial were included by assuming that this 
failure represents a greater deterioration than failure to reach the criterion and 
so ranking all such cases further from the mean than the worst cases which 
operated the latches. This procedure is justified by the fact that, in the problems 
where they did operate the latches, these animals were among the worst of 
the series. 

The coefficients of correlation are presented in Table 18.5. The highest is 
0.72 + 0.06, for trials with the pull chain. For the paper strip, spring door and 


Table 18.5 Coefficients of Correlation (Rank Order) between the Extent of 
Lesion and Training Scores (Time and Trials) for Each of the Five Problems 


=e EEE EE 


Single Paper Spring Pull Double 
latch strip door chain latch 


Time 0.18 +0.11 048+0.09 0.68+0.06 0.62+0.07 0.09+0.12 
Trials 048+0.9 0514008 061+0.07 0.72+0.06 0.12+0,12 


mr ee 


pull chain the coefficients are all positive, statistically reliable, and large enough 
to indicate a significant relationship. In these problems in which the operated 
animals were inferior to the normals it is also true, as we should expect, that 
the animals with larger lesions are more retarded than those with smaller, 

In contrast to this, the correlations for the double latch box (Prime = 0.09 + 
0.12: periars = 0.12 + 0.12) are insignificant and unreliable. Thus not only was 
the average of all operated animals as low as that of normals, but even the 
animals with extensive lesions did just as well as those with small injuries. 

For the simple lever the results are ambiguous with correlations of 0,48 + 
0.07 for trials and 0.18 + 0.10 for time. This is consistent with the view that 
the animals were somewhat retarded, but the effects of the lesion were obscured 
by individual differences in wildness in the initial problem. 

The Significance of the Correlations. A possible source of spurious correla- 
tion must be considered first. Some of the animals used in this experiment were 
prepared for anatomical studies of the cerebral projection of the auditory fibers. 
As a result a disproportionate number of cases with small lesions in the auditory 
area is included. If these problems do not involve audition, as seemis probable, 
the inclusion of auditory cases with lesions smaller than the average for all cases 
might give rise to an apparent correlation 


with extent of lesion, due actually to 
the ineffectiveness of lesions in the auditory field. To control this possibility I 
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have computed the correlations for trials for the spring door and pull chain, 
ees all cases with lesions confined to the auditory fields (numbers 1, 2, 3, 
a 6, and 18). This reduces the correlations from 0.61 to 0.60 and from 

‚72 to 0.59. This reduction is no greater than would be expected from the 
ze ductian in range of variation effected by omitting the 6 cases with smallest 
esions and leaves a significant correlation. . . - 

: With such a limited number of cases we cannot put much faith in correla- 
tions, but the results give a picture which is consistent with the results of 
earlier studies. Where before I have found no significant difference between the 
performance of normal and operated animals there has also been no correlation 
between performance and extent of lesion (double platform box: initial learning 
of habits based on vision). Where differences have appeared between the 
averages for normal and operated animals there has generally been a correlation 
of performance with extent of lesion (14). This is true in these experiments also. 
Correlations above 0.50 generally appear where the operated animals are on the 
average inferior to the normals: no correlations where there is no significant 
difference between the average scores of the normal and operated groups. 


The Nature of the Retardation in Latch-box Situations 

Significant retardation in learning after cerebral lesions is clearly 
established by these experiments for the paper-strip, spring-door and 
Pull-chain situations. The character of the defect leading to the retarda- 
Son is, however, not revealed by the objective records. Since the animals 
with peripheral sensory defects show a similar slowing of learning, it is 
probable that cortical anesthesias are an important factor in producing the 
effect. But the retardation of animals with cerebral lesions capable of 
Producing sensory defects comparable to those of the peripherally oper- 


ated cases is significantly in excess of that produced by the peripheral 
Operations. We therefore cannot a 


scribe the whole of the inferiority of 
animals with cortical lesions to the anesthesia. 

The behavior of animals with cerebral lesions in the latch-box situations 
Suggests two more general defects which may have contributed to their 
Poor records. Much of their activity indicates a general reduction in 
Sensitivity. The animals with extensive cerebral lesions, irrespective of 
locus, wander about the restraining cage without giving specific responses 
to many items to which the normal animal continuously reacts. The 
Corners and projecting edges of the box, the cover, cracks and irregularities 
in the floor which call out persistent reactions from the normal animal 


are ignored or excite only a momentary reaction from the animal with 
activity seems limited. It is 


en lesions. His range of exploratory ! 
oubtful that this is primarily a function of sensory defect, for the animals 
With peripheral sense privation show such indifference to stimuli to a 
much more limited degree. The behavior is characteristic of all animals 
with fairly extensive lesions (20 per cent or more) irrespective of the 
Cortical field involved. 
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In a former experiment dealing with the difference limen for bright- 
ness (11) after lesions in the area striata, I found it difficult to obtain 
consistent performance from the operated animals when the difference in 
light intensity approached the limen. The animals would make better than 
chance scores but could not be brought to the criterion of errorless per- 
formance required in the experiment. One animal with both striate areas 
completely destroyed showed a limen as low as that of normal animals, 
but the majority were very irregular in performance, suggesting fluctuating 
attention rather than a genuine disturbance in vision for brightness. 

Such evidence indicates that animals with cerebral lesions suffer from 
a general lowering of excitability in addition to the specific defects in 
the discrete functions of the cortical fields involved. Goltz (4) so inter- 
preted the defects which he observed in dogs and the clinical literature 
abounds with evidence of a reduced attention after extensive lesions in 
any part of the cortex. The aphasic patient fails to understand a sentence 
until it has been repeated several times: the patient with an amblyopia 
has difficulty in locating objects in the visual field although his residual 
vision is adequate to perceive them. 

A second characteristic of the behavior of rats with cerebral lesions may 
best be described as a lack of aggressiveness toward elements of the prob- 
lem situation, The normal animal in the restraining cage actively attacks 
any object which yields to his efforts. A loose wire, an opening in the 
mesh of the partition through which he can thrust his nose, an exposed 
wooden frame, the loose cover of the box, as well as the latches and doors 
are seized, shaken, or gnawed persistently. Animals with peripheral 
sensory defects show much the same behavior as normals in this respect. 
Animals with large cerebral lesions are much less apt to show this aggres- 
sive behavior. They may give clear evidence that they are stimulated by 
the objects, exploring and nibbling at the paper strip, for example, but 
neither exert sufficient force nor persist long enough to effect an entrance 
into the food box. Their reactions to the various objects in the problem 
situation lack the variety and adaptive character of the behavior of the 
normal animals. The latter, especially after a little experience with latch 
boxes, seem actively to seek out possible means of releasing the door or 
breaking through the partition. The operated animals spend the greater 
part of the time in wandering about the restraining cage or climbing on 
the partition. This behavior definitely correlates with failure to operate 
the latches on the first trial, 

In addition to these differences between normal and cerebral operated 
cases a third may be significant. The normal rat rather quickly modifies 
his reactions to the latch so that, whereas his original movement in spring- 
ing it may have been a random stumbling, his subsequent movements are 
directly adapted to operating it with a minimum of effort. Thus the 
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simple lever is operated on the first trials by most animals by stepping on 
the lever with a hind foot when climbing on the partition. Within a few 
trials the normal animal comes to operate the lever by placing one fore 
paw on it and pushing down sharply. The animal with extensive lesions 
continues to climb on the lever and his final trials may still consist of 
climbing on the lever, falling in front of the door and scurrying through 
within the 3-second limit. 

With the pull chain most animals first effect entrance by climbing upon 
the projecting bar, tangling the hind feet in the chain and releasing the 
catch by dropping to the floor. The normal animal, often on the second 
trial, grasps the chain with teeth or paws and pulls. Moreover, pulling 
with paws or with teeth is likely to be interchangeable with no appear- 
ance of learning the two movements by independent trial and error. The 
various motor activities by which the latch is released seem to be equiva- 
lent. The animal with extensive lesions, on the contrary, usually continues 
to climb to the bar, so that his behavior appears stereotyped and badly 
adapted to the problem, although it does lead to opening the door. The 
failure of so large a percentage of the operated animals to reach the 
criterion within 50 trials was largely due to this persistence in climbing 
to the bar, 

Such behavior suggests that the normal rat, after a little experience 
With latch-box situations, comes to identify the movable latch as a distinct 
object connected with the opening of the door and thereafter reacts to 
the latch with movements which release the catch with a minimum of 
effort. The situation seems comparable to Kohler’s interpretation (6) of 
the chimpanzee’s identification of a stick as a tool. The rat seems to dis- 
Sociate the latch from other parts of the problem situation and later to 
Teact to it as an object to be manipulated in a certain way. Whatever the 
explanation of behavior of this character, animals with extensive cerebral 
esions show a limitation in acquiring it. Their behavior is more stereo- 
typed in that they tend to repeat the movements which were first suc- 
cessful in opening the boxes, instead of modifying them to conform to 
the actual requirements of the latch. 

This brief account of the differenc 
Tats is based upon detailed notes ta 
abound with examples of the differe 
aay be summarized by the statement th 
lesions are less observing, have less initi 


es in behavior of normal and operated 
I 4 nen hich 
ken during the experiment whicl 
nces illustrated. The observations 
at the rats with extensive cerebral 

iative, and show less insight into 


the relations of latch and door than do normal animals. These are functions 
Which few students of cerebral localization have attempted to place in any 
Particular part of the brain, the majority considering them as indices of 
the general level of functional activity rather than as specific localizable 
aculties. 
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In previous discussions of the effects of cerebral lesions I have striven 
to avoid such psychological interpretations of behavior. They do not give 
us any understanding of the cerebral mechanisms involved and tend to 
obscure the issues by presenting a pseudoscientific explanation in terms 
of empathy. At best they merely serve to classify the behavior with cer- 
tain categories of human experience, for which we have no physiological 
explanation. But my efforts to confine discussion to a physiological level 
seem to have led to serious misunderstandings of my position. Concep- 
tions of nonlocalized undifferentiated functions of the cerebrum have been 
rejected by writers who use a psychological terminology implying pre- 
cisely the same thing. I therefore present the above psychological inter- 

pretations, not because they have any explanatory value, but in order to 
make the dynamic concepts of cerebral function sound less strange by 


identifying them with terms which, though scientifically meaningless, are 
familiar. 


Interpretation of Results with the Double Latch Box 


The marked difference in the results of cerebral lesions upon the learn- 
ing of the double latch and of the other problems is the most striking 
result of these experiments. It seems clearly established here and by the 
previous experiments with the double platform box that cerebral lesions 
even greater than 50 per cent do not disturb the learning of this problem. 

A possible simple explanation of this is that the solution of the double 
latch boxes is a matter of pure chance, even after continued training and 
that the “learning score” consequently measures nothing significant in 
the behavior of the animal. A consideration of what happens in the course 
of training on this problem seems to rule out such a supposition concern- 
ing the unreliability of the problem. On the first trials practically all 
animals show a transfer of the training on the simple lever, going directly 
to the projecting rod and pushing it down as they had done with the first 
problem. This failing, they wander about attacking the partition, door, 
and so on, until they chance to run across the platform. Within a few 
trials the platform and door are associated, the animal goes directly to the 
platform, pushes it down and runs to the door. But with the acquisition 
of this behavior the reaction to the lever drops out. The animal then 
leaves the platform and attacks the partition in a random manner, only 
working the lever by chance, Practically every learning curve shows a 
marked increase in time per trial after the third to tenth trial, correspond- 
ing to the point at which direct reaction to the lever was dropped. For 


the majority of animals the next step is an abandonment of the platform 
and return to the lever (depression of which produces a slight click at the 
door); with this appears a circling movement 


which carries him from the 
lever past or over the platform. Behavior from this point on is more 
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variable, but the final reaction of the normal animal, which must take 
not more than 5 seconds, almost invariably involves running directly to 
the lever, pushing it down with the forefeet, turning about to place the 
forefeet on the platform with a definite downward push, and a final turn 
through the door. The final performance is in no sense random, but in- 
volves obvious association of definite manipulations of the latches. 

A The double-latch situation thus surely requires as much of the animal 
in the way of formation of associations as does any of the other problems 
and meeting the criterion is a certain assurance that this learning has 
taken place. We must therefore seek some other reason for the good per- 
formance of the operated animals than the unreliability of the measure. 
A clue to this comes from the methods of operating the latches adopted 
by animals with extensive lesions. Thus, number 54 early abandoned 
direct attack on the lever, used it as a step to climb to the top of the parti- 
tion, fell backward to strike the platform with his shoulder and so released 
the door. He repeated this performance day after day, with a speed 
which met the criterion after the 41st trial. Most animals with extensive 
lesions run to the door, scramble over the lever, circle across the platform 
and back to the door within the required time, but without any indication 
that the lever and platform are reacted to otherwise than as obstructions 
to running. 

This behavior, with what I have reported above concerning the failure 
Of the operated animals to dissociate the latches from the general problem 
Situation, seems the most plausible explanation of the records with the 
double latch box, These latches may be worked by movements which are 
not specifically modified to suit them. The operated animal learns to 
traverse a simple path, in following which he incidentally springs the 
catches. The normal animal follows the same path and acquires a set of 
definite reactions to the latches as well, but these do not give him any 
advantage over the operated animal, with respect to time consumed per 
trial, 

The normal records of the animals with extensive cerebral lesions in 
the double latch box seem thus to be due to the very limited requirements 
of the “inclined plane” type of problem box. It may be operated without 

issociation of the latch from the general situation and without the 
development of such “skilled movements” as are required by many manip- 
ulative problems. It nevertheless requires the development of a limited 
Sequence of movements and this has certain implications for the problem 


of cerebral function in learning. 


The Influence of Cerebral Lesions upon Learning 
and similar experiments, 


Learning, as it appears in latch-box, maze, C 
c action of Semon; 


Involves not only the fixation of associations (engraphi 
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conditioning of reflexes of Pavlov) but also various activities which ob- 
jectively resemble the human ones in problem solving which are described 
as systematic attacks on the problem, hypotheses, abstraction, generaliza- 
tion and insight. Various lines of evidence suggest that the associative 
mechanism is very primitive. There is no evidence that the rate of forma- 
tion of simple associations has been increased in evolution from the lower 
metazoa to man (10). Conditioned reflexes may, apparently, be formed 
in the decerebrate animal (23). Habits involving sensory discrimination 
in which the terms are so presented as to involve only the relationship of 
contiguity are formed at normal rate by nearly decerebrate animals. 

The results with the double latch box are further evidence in the same 
direction, with the additional complication that two acts or a sequence 
of movements must be automatized. Such associations may, evidently, 
proceed at normal rate in the absence of any part of the cortex, in amounts 
up to 58 per cent. 

It appears therefore that the deterioration following cerebral lesions 
is due to disorganization of some other function than the fixation of asso- 
ciations or conditioning of reflexes. The nature of these functions is still 
obscure. I have suggested (9) their relation to the processes involved in 
intelligent adaptation and the present experiments add to this some evi- 
dence that the deterioration involves a limitation in the variety of ex- 


ploratory activity and the ability to react to parts of the problem situation 
as isolated units. 


Summary 


Rats with various cerebral lesions were trained in comparison with 
normal animals and with animals having severe peripheral sensory defi- 
ciency, on five latch boxes of various types. 

The rate of learning of the box with two latches to be depressed in 
predetermined order was unaffected by cerebral lesions as great as 58 per 
cent, and with this problem there was no significant relation between rate 
of learning and extent of lesion. This result confirms my earlier study of 
the double platform box. With other latch boxes the animals with cerebral 
lesions were seriously retarded. The amount of retardation with these 
boxes was roughly proportional to the surface extent of lesion, the corre- 
lations ranging from 0.48 to 0.72. 

Animals lacking vibrissae and eyes and with the dorsal funiculus of the 
spinal cord divided at the second cervical segment were also retarded in 
learning these problems, but to a significantly lesser extent than animals 
with cerebral lesions capable of producing the same grade of anesthesia. 

Consideration of the differences in behavior of normal and operated 
animals and of the diverse requirements of the latch boxes indicates that 
the major elements in the retardation of the animals with cerebral lesions 
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are limitation in the variety of exploratory acts, failure to develop move- 
ments specifically adapted to manipulate the latches, reduction of time 
spent in exploring separate items in the situation, and sensory deficiency. 
The first three of these are characteristic of all animals with extensive 
cerebral lesions, irrespective of the locus of the lesions. The latches which 
are learned at normal rate by animals with cerebral lesions are those 
which may be operated by the running and climbing movements of the 
animal, without the development of adaptive manipulative movements. 
The learning of such problems at normal rate indicates that the mech- 
anism of association, as such, is not disturbed by cerebral lesions and that 
retardation from cerebral lesions is due rather to disturbance of such 
function as are implied by the terms attention, insight and initiative. 
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19. THE MECHANISM OF VISION. 
XII. Nervous Structures Concerned in 
Habits Based on Reactions 


to Light * 


The interrelations of the visual cortex, thalamus, and midbrain in various 
phases of visual function are still obscure. A mass of experimental and 
clinical evidence establishes the fact that the striate area of the cerebral 
cortex is essential for detail vision in mammals. Lesions in this area in 
man produce permanent scotomas. In lower mammals the mapping of 
Scotomas is very uncertain and the evidence concerning their recovery 
conflicting. Munk (21) believed them permanent in the dog, but Hitzig 

) reported recovery of all types of scotoma. Both these investigators 
Were in error concerning the location of the visual area and actually dealt 
Chiefly with interruption of the optic radiation. Minkowski (20) was 
unable to obtain lasting visual defects in the dog unless at least half of 
the visual cortex of one hemisphere was destroyed. He found that com- 
plete ablation of the visual cortex produced total blindness which did not 
recover, Anatomical data (16, 17, 27) indicate that more limited scotomas 
may occur in lower mammals, but no method of demonstrating them is at 
Present avialable. 

Complete destruction of the striate areas permanently abolishes detail 
Vision in the rat, dog,? and monkey (Kliiver è). Such animals cannot be 
trained to differentiate visual paterns, yet they are not totally blind. With 
the possible exception of the anthropoids, animals lacking the visual cortex 
can still form habits based upon the discrimination of light and darkness 
or the relative intensities of lights (8, 11, 12, 13, 19). In the rat the 


residual vision after destruction of the striate and peristriate areas still 
1 EDITORS? x r 1. Monogr.» 1935, 11, 43-79. Reproduced by per- 
mission SE a ue =“ Cine Fe department of psychology, lee A emitan 
Pavl 2 ati conditioned reflexes to p in 
es reported, formation of Sram, No details of the experiment or reports 
oF necropsies are available. I have reported one case of discrimination ie orizontal and 
Vertical stripes in the absence of the striate cortex in the rat. These results are so atypic: 
a Une Suspects some experimental error. 
npublished experiments. 
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seems to include not only sensitivity to light but also ability to distinguish 
differences between two or more masses of light simultaneously presented 
within the visual field (14, Meroney *); a sort of primitive detail vision. 
No data, beyond demonstration of mere sensitivity to light, are available 
for other animals with such lesions. 

Whether the formation of visual habits in animals lacking the striate 
areas is carried out wholly at subcortical levels or is in some way de- 
pendent upon the remaining “nonvisual” cortex is not settled. I found 
no evidence of participation by other parts of the cerebrum in the forma- 
tion of habits based on brightness discrimination in rats trained after 
destruction of the striate areas (10). Poltyrew and Zeliony (26) have 
reported the formation of conditioned reflexes to light in an almost com- 
pletely decerebrate dog. They have not yet reported histological analysis 
of this case, so that it cannot be accepted as final. 

The principal subcortical centers which might be involved in the for- 
mation of visual habits are the lateral geniculate nuclei, the optic thala- 
mus, the superior colliculi, and perhaps, the nucleus of the posterior 
accessory optic tract. In the rat the lateral geniculate nuclei undergo a 
complete degeneration after destruction of the striate areas (17). Animals 
in this condition can still distinguish the difference in intensity of two 
lights (13, 14), so the residual vision cannot be ascribed to the geniculate 
nuclei. 

Papez and Freeman (23) found some retardation in the formation of 
habits based on reaction to light in rats after injuries to the superior col- 
liculi, I found that such lesions prevent the animal from jumping (14, 18). 
Layman, repeating these studies, found relatively little retardation in the 
formation of the brightness habit after severe lesions in the colliculi. He 
also found a normal discrimination of visual patterns when the animals 
had finally been trained to jump. These results show that, if the colliculi 
are involved in brightness vision, they are not necessary for it or for the 
discrimination of simple patterns. 

If the striate areas are injured or totally destroyed before training, the 
rat will form the habit of reaction to light in the Yerkes box as rapidly 
as does a normal animal. Data are now available upon 89 normal animals 
and 113 animals with lesions in the striate areas ranging from small to 
total destruction. The average training required for learning was: 


Normal (89 cases): 131 trials, 44 errors 
Operated (113 cases): 123 trials, 40 errors 


Whatever the role of the striate cortex in the brightness vision of the 
normal animal, its loss is no handicap for the learning of a simple differ- 
ential reaction between light and darkness. 


4 Unpublished experiments. 
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When a discrimination between the intensities of two lights is required, 
animals with lesions in the striate areas are somewhat handicapped. In 
tests of the difference limen for brightness, animals were first trained as 
positive to light versus darkness. A second light was then introduced at 
an intensity of 1/50 of the standard light and, in successive tests, in- 
creased in intensity to ratios of 1/25, 1/9, 1/2, and 2/3. The reactions 
of the normal animals were not disturbed by these changes. They con- 
tinued to choose the brighter light until the difference approached 
their threshold. The animals with cerebral lesion, on the contrary, 
were disturbed at each change in the dimmer light and, in general, 
had to be retrained for each change in ratio, although the differences 
were well above their limen. They showed, on the average, a higher 
limen than the normals, but one animal with complete destruction of 
both striate areas had as low a limen as any normal animal (13). Marquis 
(19) has reported some decrease in differential sensitivity in the dog. 
Klüver has found that the threshold for light of the Java monkey is 
Probably not raised by removal of the striate cortex," l 

Tests of postoperative amnesia for visual habits after cerebral lesions 
have given contradictory results. In four studies of postoperative retention 
of the reaction to light ‘in the Yerkes box I have obtained consistent data 
(8, 9, 11, 13, 15). In every case, destruction of the striate areas abolished 
the habit. But the animals were able to learn it again with no more practice 
than that required for initial learning by a normal animal. Memory was 
lost, but the capacity to distinguish the light and to form the habit again 
Was not affected. Marquis (19) reports similar results in experiments 
with dogs. Injuries to other parts of the cortex had no influence on the 
habit, 

In two experiments I sought to test the effect of extent of lesion upon 
the degree of loss of the habit. In both cases a close relationship ap- 
peared between the extent of lesion and amount of practice required to 
relearn the habit (11, 13). Two explanations of this relationship seemed 
Possible: first, that there is some small cortical area essential to the 
habit which, by chance, is more often injured by large than by small 
esions: second, that the correlations express some dynamic function, 
Perhaps a facilitation of subcortical centers, for which the mere quantity 
Of tissue is important. 

Studies of cerebral function in detail vision revealed a small zone along 
the lateral border of the striate area, destruction of which eliminated 
Pattern vision, Analysis of the data on postoperative retention for bright- 
Ness habits showed that there is no loss, if this area is not involved in 
the lesion, But if the area is involved, the degree of loss is proportional 
to the extent of lesion outside of the area critical for detail vision (15). 


° Unpublished experiments. 
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In view of this result and the fact that animals completely lacking the 
striate areas are not retarded in learning the brightness habit, it seemed 
impossible to ascribe the quantitative results of postoperative retention 
tests to the production of scotomas. 

Tests of postoperative amnesia for habits based on detail vision (18) 
gave entirely different results. They did not reveal any loss after lesions 
in the striate areas which could not be accounted for on the basis of 
central scotomas. No disturbances of these habits followed injuries in the 
peristriate areas, in the median halves of the striate areas, or in any other 
parts of the cerebrum except the anterolateral parts of the striate cortex. 
No correlation appeared between extent of lesion and practice for re- 
learning in animals which showed some loss of the habit. Destruction of 
the anterolateral parts of the striate areas resulted in permanent inability 
to discriminate patterns. These results are so different from what had been 
found previously in studies with the discrimination box as to reopen the 
whole question concerning the production of postoperative amnesias for 
brightness habits and to throw doubt upon the interpretation previously 
offered for the correlation between extent of lesion and practice for 
relearning. 

Studies of the anatomical projection of the retina upon the cerebral 
cortex (16, 17) now make it possible, by reconstruction of the degenera- 
tion of the lateral geniculate nucleus, to determine exactly what parts 
of the geniculo-striate system have been destroyed and to map the re- 
sultant scotomas with considerable confidence. We may thus determine 
the extent to which an operation has abolished central vision and can pick 
out with certainty those cases in which the entire striate areas or optic 
radiations have been destroyed. With this possibility of more complete 


anatomic analysis it has seemed desirable to attack the problem of bright- 
ness vision again. 


Problem and Plan of Experiments 


The questions which I sought to answer by experimental analysis are 
the following: (a) Is the habit based upon reaction to light in the dis- 
crimination box dependent upon any particular part of the striate cortex 
or peristriate areas? In particular, what is its relation to the projection 
field for binocular vision? (b) Can the correlation previously found be- 
tween extent of lesion and postoperative practice for relearning be con- 
firmed and, if so, can it be explained in terms of the extent or character 
of the scotomas produced? (c) What structures may be concerned in re- 
learning the habit after complete destruction of the striate areas? The 
experiment was not planned to include the third problem, but a number 
of accidental injuries to subcortical optic centers throw some light on the 
matter. 
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The experiment involved training a group of animals in a modified form 
of the Yerkes discrimination box to choose an illuminated alley and avoid 
a darkened one. Following the initial training the animals were given 
tests to determine the amount of loss through a lapse of time equal to 
that required for recovery from operation (preliminary retention tests). 
They were then subjected to operation involving destruction of various 
parts and amounts of the striate cortex and surrounding fields and when 
recovered were again tested for retention. Except for some modification 
of the training box, described below, the experiment duplicated previous 
tests for postoperative loss of the brightness habit. 

The important new phase of the experiment is the method of analyzing 
the lesions and the detailed comparison of the experimental data with the 
anatomical findings. This included the reconstruction of the lesion and 
measurement of its area, the identification of the remaining normal striate 
cortex, and the mapping of the areas of the lateral geniculate nuclei show- 
ing retrograde degeneration. Since the interpretation of the data depends 
upon anatomical details, a brief account of the structure of the visual 
System in the rat will be given before the experimental data are re- 
Ported, 


Visual Structures Involved in the Experiments 


The fibers from the optic nerve, after passing the chiasma, turn upward around 
the base of the thalamus. Two small bundles, the anterior and posterior acces- 
Sory optic tracts, are given off to terminate in a nucleus lying along the inner 
ventral margin of the cerebral peduncle. The great majority of the fibers pass 
Up to the lateral geniculate nucleus. Here they lie on the lateral surface of the 
thalamus, next to the hippocampus. Some of the fibers pass inward through the 
Pars ventralis of the lateral geniculate nucleus to reach the inner ventral part 
of the pars dorsalis. The majority pass over the lateral surface of the nucleus, 
Sending collaterals into the pars dorsalis. At the dorsal and caudal margins of 
the lateral geniculate nucleus the tract turns inward to reach the superior col- 
liculus, Between the nucleus and the colliculus the fibers traverse the “optic 
thalamus,” whose constitution in the rat is doubtful. Fibers are found in the 
Pars posterior of the lateral nucleus, in the pretectile nucleus, in the lateral part 
of the nucleus of the posterior commissure, and in a group of large cells lying 
under the lateral margin of the colliculus (Clark’s large-celled nucleus?). It is 
uncertain whether optic fibers terminate in any of these structures. The chief 
evidence of their termination is the occurrence in these nuclei of uncrossed 
„Ders none of which reach the colliculus. There is no clear evidence that pro- 
Jection fibers go from the optic thalamus to the cortex in the rat. I found no 

generation in the pretectile or posterior nuclei after lesions in the striate and 
Peristriate areas and Waller (28) found no certain evidence of degeneration in 
this region after any lesion to the cortex. Waller reports degeneration in the 
Posterior part of the lateral nucleus after lesions in the peristriate areas and 
Tam able to confirm this, but doubt that the lateral nucleus receives optic fibers, 
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since in it Marchi granules appear only in bundles with no indication of scat- 
tered terminal fibers, after enucleation of the eye. 

The anatomic projection of the retina upon the lateral geniculate nucleus, 
colliculus, and cortex is illustrated in Fig. 19.1. The binocular field, essential for 
detail vision (at least as tested by the jumping method), occupies the anterior 
and lateral margins of the striate area. Lesions which leave intact any part of 


Fig. 19.1. Diagram of the projection of the retina upon the lateral 
geniculate nucleus (l.g.n.), colliculus (col.), and striate area in the 
rat. Zones represented by letters around the perimeter of the retina 
are projected to approximately the positions bearing the correspond- 
ing letters in the central nervous system. 


the area indicated in Fig. 19.1, a, b, c, do not interfere with detail vision, 
whereas the destruction of this area, with the remainder of the field left intact 
(Fig. 19.1, d, e, f, g, h), permanently abolishes pattern discrimination with the 
jumping apparatus (18). 

Overbosch (22) has reported a projection of the retinal quadrants to 
separate parts of the superior colliculus in the rabbit and I have confirmed this 
for the rat. This projection mechanism is inadequate, however, for discrimination 
of visual patterns. 
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Methods 


The apparatus consisted of a modified form of the Yerkes discrimination box 
which I first used unsuccessfully in 1926 for tests of detail vision. It differed 
from the familiar form in that the animal must push aside an illuminated door. 
The door was of larger area and greater surface brightness than the stimulus 
patch in the boxes used before in similar experiments. The ground plan of the 
box is shown in Fig. 19.2. In all features 
except the arrangement of the light, 
it was like the boxes previously used 
and figured (12). The modified design 
was adopted in order to facilitate the ini- 
tial training, which it reduces from the 
average of 125 trials of the old form to 
67 trials. The advantage of quicker 
learning is perhaps offset by the fact 
that some animals learn so quickly that 
their preliminary retention scores are in- 
ferior to their initial learning. This makes 
it more difficult to interpret data on 
postoperative retention. 

The animals were females from a pig- 
mented strain derived from a cross of 
trapped wild with Wistar stock. The 
strain produces numerous individuals 
with defective eyes, but none was noted 
in the experimental group. Sixty-eight 
animals survived the experiment. 

Punishment for errors and food were 
used as incentives, as in previous experi- 
Pig, 194 = ments. The animals were allowed to ex- 
hör. The Ground plan of training plore the unlighted box for half an hour 

‘ie starting compartment is on five days before the beginning of 


Separated from the discrimination ini 
a training. They were then trained a 
compartment by a clear glass door. 5 5 d at 10 


Be cite trials per day with the light irregularly 
with 110 KE ee alternated until they reached the cri- 
lated layin tere high resistance, terion of 10 errorless trials on each of 


Swinging doors of flashed glass close two consecutive days (initial learning ) 
he ends of the 


is locked; the į 


alleys. The dark one They were next allowed 14 days without 
be lluminated one may training and then retrained to the same 
Pushed open by the animal. criterion (preliminary retention tests), as 
through ] ; a measure of the loss to be expected 
144 = a p Pie of time, After these tests they were operated immediately, allowed 
tests) a : or recovery; and again trained to the carer (postoperative retention 
trials = M previous experiments. Training was discontinued after 200 to 350 
O > case the animals did not reach the criterion earlier. 
Perations were performed under ether anesthesia with thermocautery, At the 
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termination of the experiment the animals were brought to necropsy, and the 
brain sectioned and stained with thionin. The cortical lesions were mapped and 
measured as in earlier experiments (12). The remaining parts of the striate 
areas, wherever identifiable by the internal granular layer, were plotted on the 
diagrams of the cortex. . . . The cautery usually destroys not only the cortex 
but also the underlying layer of fibers. The destruction of the fibers is, however, 
often incomplete and difficult to determine exactly from sections. The most 
certain evidence of the extent of destruction of the striate cortex comes there- 
fore from the retrograde degeneration in the lateral geniculate nucleus. The 
nuclei were studied in each case and the zones of degeneration plotted on 
diagrams of sections. For any lesion to the striate area the degenerated zone 
extends throughout the length of the nucleus so a single transverse section near 
the middle of the nucleus represents all parts of the striate area. . . . 

An unusually large number of cases with direct injury to the thalamus was 
produced in this experiment in the effort to ensure complete destruction of the 
striate areas. These direct lesions were studied in detail. The majority consist 
of an invasion of the optic tract above the posterior end of the lateral geniculate 
nucleus and involve parts of the nucleus, optic thalamus and colliculi, In a 
few cases the nucleus was destroyed and in one the colliculus. 


Interpretation of Postoperative Behavior 


Possible Reactions to Nonvisual Cues. Before attempting to interpret the re- 
actions of animals after operations involving the visual structures, we must be 
sure that some other than visual cues are not responsible for their apparent 
reactions to light in the problem box. In previous experiments of this type I have 
run systematic controls to test the influence of the experimenter, heat from the 
lights, sounds in changing the setting of the apparatus, cues from the charged 
grill (7), and chance order of the trials. No animal has ever been detected in 
the use of any of these possible cues when making better than chance scores. 
In the present experiment systematic controls were not introduced, since they 
are laborious and past experience indicates that they are unnecessary. However, 
all but cues from the experimenter and heat from the lights are directly con- 
trolled in the apparatus. Many of the animals were tested by a second experi- 
menter without disturbance of their accuracy of discrimination. In a series of 
trials, with the animals running rapidly and the lights shifted quickly from side 
to side, both stimulus doors are warmed and the flashed glass radiates heat 
slowly, so that differences in temperature must be inappreciable. Finally, the 
best possible control is that animals with destruction of the primary optic paths 
never make better than chance scores. 

Validity of the Evidence for Loss of the Habit. The mere occurrence of 
numerous errors after a cerebral lesion is not in itself evidence of forgetting 
of the habit. If the power of attention were reduced by the operation, errors 
might occur with no direct disturbance of the specific integrations constituting 
the habit. Much of the amnesia reported for clinical material is indeed of this 
type; the patient is unable to recall material directly yet with sufficient mne- 
monic aids may finally succeed in recall. The forgetting is not absolute but is 
rather a reduction in availability of the memories. 
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If the defect in our animals were of this character, we should expect to find 
- either some evidence of retention from the first or a spontaneous recovery to 
which the specific training on the problem would contribute little. The retrain- 
ing scores of the animals with complete destruction of the striate areas have, 
however, all the characteristics of the initial learning of normal animals: they 
start at the level of pure chance and from the rate or form of improvement it 
would be impossible to guess whether or not the animals had ever been trained 
in the problem, I have shown also (10) that spontaneous recovery does not 
occur within the time during which the habit may be reestablished by training. 
This of course does not prove that the cerebral destruction has wiped out all 
traces of the previous training or that relearning is identical in nature with 
original learning. But objectively the two processes are similar and the course of 
relearning has more in common with the original training than with any other 
reported process of recovery. 


Experimental Results 

The records of the animals in initial training, preoperative, and post- 
Operative retention tests are given in Tables 19.1 to 19.4. . . . In the 
tables the animals are divided into four groups, according to the nature 
Of the lesions, as follows: 

Group I. Cases with damage to the striate areas but with some normal 
cells in one or both lateral geniculate nuclei. 

Group II. Cases with complete destruction of both striate areas, as indi- 
cated by complete degeneration of both lateral geniculate nuclei. 

Group IIL. Cases with complete destruction of the striate areas and 
with direct damage to one optic tract. 

Group IV. Cases with complete destruction of both striate areas and 
With invasion of both optic tracts. 


Criteria of Postoperative Loss of Memory. Since there is some overlap be- 
tween the scores for initial learning and preoperative retention, it is necessary 
to set Somewhat arbitrary figures as evidence of loss or retention in postoperative 
tests. The averages of all animals in initial learning were for trials 67.0, for 
errors 20.5. This is about half the practice required to reach the same criterion 
in the old apparatus. The range is from zero trials and errors to 200 trials and 
errors. The average scores for preoperative retention tests were for trials 
= for errors 1.7, with a range from zero trials and errors to 50 trials and 
Trors, 
z ince no animal made more than 9 errors in preoperative retention tests, we 
a p ame that 10 or more errors in postoperative tests represents some loss 
rig er directly or indirectly caused by the operation. A postoperative 
2 o; 20 or more errors represents as much practice in relearning as the 
“rage for initial learning, that is, a complete loss of the habit. 
n'y 3 per cent of the animals made fewer than 5 errors in initial training 
Be 19 per cent made fewer than 10 errors. A postoperative score of 5 or 
A may therefore be accepted as evidence of perfect or nearly perfect 
on. Postoperative error scores between 5 and 10 are of somewhat 


and 
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doubtful significance, indicating some loss not certainly ascribable to the opera- 
tion. The criteria adopted for evaluation of the data are summarized as follows: 


No significant loss: 5 errors or less 
Partial loss: more than 10 errors 
Complete loss: more than 20 errors 
Doubtful: 6 to 9 errors 


Retention of the Habit after Partial Destruction of the Striate Cortex. Table 
19.1 records the animals in which some part of the geniculo-striate system 
remained intact. Of the 38 cases, only 8 gave any evidence of loss of habit 
and only 4 made more than 10 errors, which is perhaps the minimum to be 
regarded as a sure indication of loss. The animals of this group have been 
classified according to the parts of the striate areas involved in the lesion. 

a. Cases with considerable part of one or both binocular fields intact. This 
includes numbers 1 to 12, 16, 18, 19, 20, and 25. Their average for errors in 
postoperative retention tests was 3.1. Only numbers 19 and 20 showed a signifi- 
cant loss and their behavior cannot be accounted for in terms of the lesions. 
Number 20 had a considerable part of both inferior temporal quadrants intact 
and the total damage was exceeded in numbers 13, 14, 17, 21, and 27; all of 
which showed practically perfect retention. This rat made better than chance 
scores from the beginning of postoperative tests but was recorded as timid and 
nervous. Number 19 also had less injury to the temporal fields than many 
animals which made perfect scores. The records of these two animals are so 
atypical that we must ascribe them to some other cause than the cerebral lesion. 

b. Cases with less than one-twelfth of the total temporal fields intact. This 
group includes numbers 13, 14, 21, 24, 31, and 34. Their average of errors was 
2.6, number 31 only exceeding 5 errors. The data from these two groups justify 
the conclusion that retention of the brightness habit is undisturbed, if any part 
of the binocular field remains intact. 

c. Cases with no part of the temporal field remaining. This group includes 
numbers 17, 27, 33, and 35, with error scores of 2, 0, 8, and 11 respectively. 
The condition of the remaining cells in the lateral geniculate nuclei in numbers 
33 and 35 is uncertain. They seemed reduced in number, so these cases, the 
only ones of the group to show loss, probably belong in the following group. 

d. Cases with irregularly scattered groups of cells in the lateral geniculate 
nuclei, due to partial interruption of the radiations or irregular pathological 
changes in the cortex: large areas completely degenerated and the cells markedly 
reduced in number in the areas where they do appear. In previous studies such 
animals have been found to lack detail vision. The group includes numbers 15, 
22, 23, 26, 28, 29, 30, 32, 36, 37, and 38. Their average score for errors is 6.5. 
The majority of animals of this group made 3 to 5 errors and only two, numbers 
15 and 38, gave evidence of significant loss. Both of these animals had only 
small areas of scattered cells in the lateral geniculate nuclei. 


The results with these cases, in spite of some irregularity, justify the 
conclusion that, so long as any part of the geniculo-striate system remains 
intact, the reaction to brightness, formed before operation, may remain 


Table 19.1. Learning and Retention Scores for Animals in Which the 
Destruction of the Striate Areas Was Incomplete ° 


a nn ee, 


Preoperative Postoperative 
Extent Initial training retention retention 
of 
Number lesion Trials Errors Trials Errors Trials Errors 

1 2.4 so 31 0 0 10 1 

2 2.6 50 17 20 4 10 l 

3 2.6 110 33 40 2 0 0 

4 22 90 23 0 0 0 0 

5 3.5 80 27 10 g 10 2 

6 3.8 40 11 0 0 40 8 

7 5.2 50 24 10 2 0 0 

8 5.8 50 21 20 1 0 0 

9 6.0 90 20 10 1 0 0 
10 8.6 100 28 50 4 30 5 
11 9.0 30 18 20 1 0 0 
12 9.0 0 0 30 7 0 0 
13 9.8 90 49 0 o 0 0 
14 10.0 90 30 0 0 40 2 
15 10.3 40 8 0 0 60 16 
16 11.5 100 39 10 5 10 1 
17 12.4 90 29 40 3 10 2 
18 13.0 100 33 20 1 10 1 
19 13.0 150 45 20 3 30 9 
20 13.2 10 3 30 3 so 25 
21 13.9 90 25 0 0 30 4 
22 15.0 40 15 0 0 30 5 
23 16.9 80 35 30 3 10 2 
24 16.9 200 41 0 0 20 4 
25 17.1 100 61 10 1 10 1 
26 18.4 130 45 0 0 60 5 
27 19.0 40 10 0 0 0 0 
28 19.8 110 36 50 3 30 3 
29 21.1 60 16 0 0 20 9 
30 21.3 40 6 0 0 30 4 
31 21.6 60 23 20 2 40 8 
32 21.7 50 7 20 2 30 4 
33 21.8 50 11 10 1 20 8 
34 22.6 20 9 10 2 10 1 
35 22.8 60 18 10 1 70 11 
36 23.2 70 21 0 0 10 4 
37 24.9 90 29 0 0 10 2 
38 27.3 30 7 20 1 80 17 

ics extent of lesion is expressed as percentage of the surface area of the diagram, The 


8 scores are those preceding 20 consecutive errorless trials. 
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undisturbed. In cases where the small remaining areas have undergone 
partial degeneration, indicated by reduction in the number of cells per 
unit area in the nuclei, the animals make some errors in retraining tests 
but, even so, make fewer errors than the average for initial learning. 
Whatever the function of the geniculate nucleus and cortex in the habits, 
any small part of the system is capable of carrying it out. 


Loss of the Habit after Complete Destruction of Both Striate Areas. Table 
19.2 gives the records of animals in which the degeneration of the lateral 
geniculate nuclei appeared to be complete. In them either the entire striate 
cortex was destroyed in both hemispheres or the optic radiations were inter- 
rupted. The range of errors in postoperative tests for the group is from 10 to 
41, with an average of 21.8. This is almost the same as the average score in initial 
learning for all cases, and 20 per cent above the initial learning score for this 
group. Compared with the cases having partial destruction of the geniculo-striate 
system, these animals all show a significant loss of the habit.° It seems clear 
that complete destruction of the geniculo-striate system abolishes the reaction 
to light formed before the operation. This result is in agreement with all previous 
experiments, in which animals with complete destruction of the dorsal convexity 
of the occipital pole have lost the habit of reaction to brightness. 


The experiment is also in agreement with earlier ones in showing that, 
even when the entire striate cortex is destroyed, the animals are capable 
of relearning the reaction to light with no more average practice than is 
required for initial learning by a normal animal. 


Partial Scotomas and Correlation of Training Scores with Extent of Lesion. 
In previous experiments of this type I have excluded animals with direct damage 
to subcortical visual centers, so the cases included in Tables 19.1 and 19.2, 
combined, are comparable to the groups reported earlier. These earlier studies 
gave correlations between extent of lesion and practice for postoperative re- 
learning ranging around 0.70. The present data give a similar result. The rank 
order correlation between scores in postoperative retention tests and percentage 
lesion for the cases included in Table 19.1 (with partial destruction of the 
geniculo-striate system) is for errors, p = 0.55; for trials, p = 0.47. For all 
cases included in Tables 19.1 and 19.2, a group comparable to those previously 
studied, the correlations are for errors, p = 0.67; for trials, p = 0.60. This study, 


like the other, therefore shows a relationship between extent of lesion and prac- 


tice for relearning. Can this be explained in terms of direct visual defect without 
recourse to the conce 


ption of a general dynamic factor such as I have postulated 
before? 


Consideration of the groups of cases described 


; above in testing the effect of 
locus of lesion shows that such an explanation is 


probably correct. The average 


6 It is of course impossible to be absolutely certain that all cells of the nuclei are degen- 
erated. In many cases no nerve cells can be found; the nuclei are shrunken and packed with 
glia cells, A few apparently normal cells may occur along the margin of the pars ventralis. 
They probably belong to the latter nucleus, but may have cortical connections They are 
sometimes absent, in which case the brightness habit may still be formed. y 
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Table 19.2. Learning and Retention Scores for Animals with 
Complete Destruction of Both Striate Areas ° 


a nn 


Preoperative Postoperative 

Extent Initial training retention retention 
of 

Number lesion Trials Errors Trials Errors Trials Errors 
39 14.1 140 53 90 9 30 10 
40 15.2 80 20 50 3 100 15 
4 17.2 90 25 30 3 70 15 
42 19.4 60 7 10 1 110 29 
43 23.7 50 8 50 8 180 41 
44 26.0 90 16 10 1 40 14 
45 26.2 30 14 0 0 110 36 
46 26.9 70 18 50 8 100 21 
47 28.1 50 9 0 0 70 18 
48 32.6 30 13 20 2 40 20 
49 35.6 30 8 0 0 120 21 


a Arranged as in Table 19.1. 


extent of lesion for all cases in Tables 19.1 and 19.2 is 16.0 per cent of the 
neocortex, For group a, with the greater part of one nuclear zone for the 
temporal field intact, the average extent of lesion is 7.7 per cent. For group d, 
With extensive degeneration in the nuclei and only scattered cells remaining, 
the Average destruction was 19.9 per cent. For the group with complete de- 
generation of both nuclei (Table 19.2), the average extent of lesion was 24.1 
Per cent. Thus it appears that the larger the lesion, the more apt it is to pro- 
duce a partial degeneration of the portions of the striate cortex not directly 
vaded, or a partial interruption of fibers from such areas, which must result 
in an amblyopic condition in the parts of the visual field not totally blind. Still 
arger lesions are more apt to produce complete destruction of both striate 
areas, with consequent total loss of the habit. 


If the cerebral lesions were the only factor inducing differences in the 
Postoperative retention scores, we should expect to get a trimodal dis- 
ution of errors: cases with no loss, cases with slight loss due to am- 
Iyopia in the residual visual fields, and cases with total loss. But with 
© Scores influenced by many other chance factors this grouping is partly 
Obscured, so that an appearance of continuous variation, somewhat in 
Proportion to the extent of lesion, is produced. 
Ns US it appears that the correlation between extent of lesion and post- 
le ative amnesia for the brightness habit is in reality an artifact due only 
© the obscuring by chance variations of an “all-or-none” function of the 
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entire striate cortex. My previous assumption that the striate area exer- 
cises an influence upon subcortical centers to a degree proportional to 
its area was clearly wrong in the light of the present evidence. 


Rate of Learning in the Absence of the Striate Areas. No animal with lesions 
restricted to the cortex failed to reacquire the habit of reaction to light after 
the operation. As in previous experiments, the rate of learning for animals 
lacking the striate areas is not significantly different from the rate of normal 
animals: 21.8 errors for the operated, 20.5 errors for the normal animals. Thus 
we still have the paradoxical result that the habit is somehow dependent upon 
the striate cortex when it is learned by the normal animal and yet is formed 
just as readily when the striate cortex is absent. “Localization” of the functions 
appears in a region which is not at all essential for efficient acquisition of the 
function. What part is played by the striate cortex in this habit and what struc- 
tures are involved in learning when the striate areas have been destroyed? Some 
evidence on the second question is now available. 


Brightness Vision in the Absence of the Striate Cortex 

In addition to the cases with lesions restricted to the cortex there were 
a number with lesions invading the posterior part of the thalamus. The 
records of these cases are presented in Tables 19.3 and 19.4. The relearn- 
ing scores of all these animals are poor and more than half failed to satisfy 
the criterion within 300 trials. Before these results can be interpreted the 


Table 19.3. Learning and Retention Scores for Animals with Complete 
Destruction of the Striate Areas and Injury to One Optic Tract 
in Front of the Superior Colliculus ° 


Preoperative Postoperative 
Extent Initial training retention retention 
of 

Number lesion Trials Errors Trials Errors Trials Errors 
50 21.8 70 25 10 1 200 53 F 
5l 25.0 50 10 20 1 110 44 
52 26.6 90 20 0 0 30 10 
53 27.9 70 25 20 2 40 12 
54 28.3 50 16 10 2 100 24 
55 30.7 60 22 0 0 30 10 
56 30.8 100 11 30 3 200 72 F 
57 32.4 40 18 0 0 240 9 
58 33.5 70 19 0 0 180 39 
59 42.4 80 18 0 0 300 62 F 
60 42.6 30 6 0 0 160 42 


ey 


® Arranged as Table 19.1. 
F, failed to satisfy the criterion. 
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structural relation of the visual system must be considered in somewhat 
greater detail than was presented in our introduction. 


Subcortical Visual Structures. The fibers of the optic nerve, after passing the 
chiasma, turn upward around the cerebral peduncle toward the lateral genicu- 


Fig. 19.3. Topographical relations of the optic thalamus n the rat. A 
section through the caudal tip of the lateral geniculate nucleus and an- 
terior margin of the colliculus is shown. The course of fibers from the 
Optic tract is indicated by solid lines. c.g., central gray; col., colliculus; 
‘€a, large-celled nucleus; l.g.n.d., lateral geniculate nucleus, pe dorsalis; 
‘Po lateral nucleus, pars posterior; m.g.n., medial geniculate nucleus; 
P., nucleus of the posterior commissure; V-, lateral geniculate nucleus, 
pars ventralis. 


late nucleus, A small group of fibers (anterior accessory optic tract) passes 
Mediad to the peduncle to enter a nucleus in the region of the nucleus of the 
third nerve, The relations from this point are shown in Fig. 19.3, The main 
bundle of fibers passes to the lateral geniculate nucleus. Below the nucleus the 
Optic tract divides, most of the fibers passing around the lateral surface of the 
nucleus, but some go through the pars ventralis to reach the inner portions of 
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the pars dorsalis. As the tract passes around the lateral surface of the lateral 
geniculate nucleus it sends collaterals into the nucleus. Some bundles of fibers 
also pass through the nucleus and continue through the pars posterior of the 
lateral nucleus toward the colliculus. The posterior accessory optic tract is 
given off at the posteroventral margin of the nucleus and passes downward to 
mix with the fibers of the anterior accessory tract. The main group of fibers 
passes over the posterior end of the geniculate nucleus, and through or above 
the lateral nucleus, pars posterior, the pretectile nucleus, and the nucleus of 
the posterior commissure to the colliculus. Various investigators have reported 
the termination of optic fibers in the lateral nucleus, pars posterior, in the large- 
celled nucleus of Clark, in the pretectile nucleus, and in the posterior nucleus. 
Conclusive evidence for such terminations has not been presented. Marchi 
granules can be seen throughout the region after enucleation of one eye, but 
whether these represent terminating fibers or fibers passing through to the col- 
liculus remains uncertain. 

The connections of these nuclei with the cerebral cortex are also in doubt. 
Clark (2) considers the posterior part of the lateral nucleus to be homologous 
with the pulvinar of primates. Waller (28) reports degeneration in this region 
after lesions in a cortical area just in front of the striate area and I have been 
able to confirm this, Neither Waller nor I have been able to establish degenera- 
tion in the pretectile or posterior nuclei after cerebral lesions. Clark believes that 
the pretectile nucleus sends no fibers to the cortex. I have been unable to detect 
degeneration in large-celled nucleus after lesions in the striate or peristriate 
areas, 


Thus, in this group of nuclei, cortical connections have been established 
only for the posterior part of the lateral nucleus and it is doubtful that 
this receives fibers from the optic nerve. The majority of the fibers of the 
optic tract reach the colliculus. In it they show a topographic distribution 
corresponding to their origin in the retina, the temporal retina being 
represented in the anterolateral, the nasal in the posteromedial parts of 
the colliculus. Only crossed fibers reach the colliculus (16, 22). No ascend- 
ing fibers from the colliculi to the cortex have been reported. 


Cases with Subcortical Lesions. The striate area in the rat extends from the 
level of the caudal end of the lateral geniculate nucleus to the posterior pole 
of the hemisphere. It is separated from the thalamus only by the superior edge 
of the hippocampus, about 1.5 mm. in thickness. In the effort to assure destruc- 
tion of the entire striate area I injured the thalamus in an unusually large 
number of cases. In some, the subcortical lesions were confined to one side of 
the thalamus. The records of these cases are given in Table 19.3 and diagrams 
of the cerebral lesions . . . [were prepared]. In others the lesions involved 
both sides of the thalamus. The records of these cases are given in Table 19.4. 
Brain diagrams have not been prepared for this group. The striate areas were 
destroyed in every case. The lesions range from complete destruction of the 
thalamus above the level of the aqueduct to only slight invasions of the optic 
tract where it passes over the posterior part of the lateral nucleus, The extent 
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Table 19.4. Learning and Retention Scores for Animals with Destruction of the 
Striate Areas and Injury to Both Optie Tracts in Front of the 
Superior Colliculi ° 


Initial training Preoperative retention Postoperative retention 
Number Trials Errors Trials Errors Trials Errors 
61 70 16 50 4 300 118 F 
62 70 22 0 0 360 163 
63 30 12 10 1 300 169 F 
64 30 5 40 4 310 115 F 
65 40 10 0 0 300 144 F 
66 30 17 20 2 300 127 F 
67 40 14 o 0 310 67F 
68 60 19 20 3 250 141 F 


pTanged as Table 19.1. 
, failed to satisfy the criterion. 


of thalamic injury in all cases is shown in Table 19.5. The 19 animals included 

in this table fall into 3 classes with respect to their retraining records: those 

which relearned the reaction to brightness, those which failed to satisfy the 

Criterion of 20 consecutive errorless trials but gave unmistakable evidence of 

‘scrimination by making 90 per cent correct reactions for at least 50 consecu- 

tive he and those which never made better than chance scores in 250 to 
rials, 

In number 54 the ventral half of the right lateral geniculate nucleus appeared 
normal, In all other cases with thalamic lesions the lateral geniculate nuclei 
showed complete retrograde degeneration. 

Considering first the cases which satisfied the criterion (numbers 51, 52, 53, 
54, 55, 57, 58, 60, and 62) we find that all but three (numbers 54, 57, and 62) 
! ad the thalamic lesion confined to one side. In the three cases with bilateral 
injuries, the lesion on one side was confined to the superficial layer of fibers, 
‘aterad to the pars posterior of the lateral nucleus (Fig. 19.3). The average 
Practice required for relearning by these animals was 139 trials and 37 errors. 

© retardation indicated by these figures is 94 per cent of the practice required 

Or initial learning. Thus, in the absence of the striate cortex, relatively slight 
£ amage in the optic thalamus may double the practice required for learning the 
action to brightness. 

aimi the cases which failed to satisfy the criterion but gave evidence of dis- 
mee all had a destruction of the lateral geniculate nucleus and entire 
stint thalamus on one side with no injury (numbers 50, 56, and 59) or only 

m invasion (number 67) of the tract on the other. 
en same which made only chance scores (numbers 61, 63, 64, 65, 66, and 

all had either interruption of the tract with destruction of the lateral genicu- 


Table 19.5. Description of Lesions to the Thalamus in All Animals 
in Which They Occurred 


Side of Relearning scores 
thalamus 
Number | involved | Tract |L.G.N.|L.p.p. | Pret. | Trials Errors 
52 Right > = 30 10L 
55 Right a è 30 10L 
53 Right = 40 12L 
ie Right ë 100 24L 
Left x 
60 Right ® 160 42 L 
51 Left = ? > , 110 44L 
58 Left s a . s 180 89L 
Right i 240 9IL 
oF Left = 
6 d Right is 300 163 L 
x Left a ji ® 
50 Right £ z : id 200 53 FD 
59 Left i a = ba 300 62 FD 
67 Right . * ” u 310 67 FD 
L Left ® 
56 Left ” . i a 200 72 FD 
61 Right a a 300 118 F 
Left o o o o 
s Right e ? 300 169 F 
sa Le = = 
64 Right ° 310 115 F 
Left ° o o o 
ze Right ja 300 144 F 
65 i Left o o o o 
Right 3 a 300 127 F 
66 Left o o o o 
Right 5 a = z 250 141 F 
ee Left 2 . a 


IT 

° Direct lesion in any structure. The injuries were restricted to one side of the thalamus 
except where both right and left sides are specified. In number 54 there were a few normal 
cells in the right lateral geniculate n s. In all other cases these nuclei, when not directly 
destroyed, showed complete retrograde degeneration. Animals which satisfied the criterion 
are marked “L” after the training scores. Those which failed to satisfy the criterion but made 
better than 90 per cent correct in 50 trials are marked “FD.” Those which made only 
chance scores are marked “F.” Tract, fibers laterad to the lateral nucleus: L.G.N., lateral 
geniculate nucleus; L.p.p., lateral nucleus, pars posterior; Pret., pretect È w 


ile nucleus. 
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late nucleus, or practically complete destruction of the optic thalamus on 
both sides. 


The Structures Involved in Acquisition of the Brightness Habit in the 
Absence of the Striate Cortex. 


The remaining cortex. In seeking an explanation of the formation of habits 
based on brightness discrimination in the absence of the striate areas, one 
naturally turns first to other parts of the cortex. The peristriate areas, perhaps 
homologous to field 19 in primates, should have visual function. Their destruc- 
tion, however, produces no disturbance of memory based on detail vision (18), 
nor is there other evidence of their visual function in the rat. In cases numbered 
41, 43, 44, 46, 47, 48, and 49 of the present series the peristriate areas or their 
radiations were destroyed as well as the striate areas and the posterior parts 
of the lateral nuclei were degenerated, but these animals all relearned the 
brightness habit. 


It is possible that scattered fibers of the visual system go to other parts 
of the cortex, outside of the recognized visual areas. The existence of 
Such fibers has not been demonstrated nor, in view of the precise and 
limited projection of the lateral geniculate fibers upon the cortex, does 
it seem likely, I attempted to test the function of such hypothetical fibers 
(10) by training animals which lacked the striate areas and then removing 
Parts of the remaining cortex, about one-third in each case and covering 
all parts of the cerebrum in the series. None of these lesions resulted in a 
Significant loss. In seems clear from this evidence that no secondary visual 
center in the cortex assumes the function of the striate areas after their 
destruction, 


The lateral geniculate nuclei, In earlier studies I was inclined to ascribe the 
Postoperative relearning to the lateral geniculate nuclei but the evidence 
now seems conclusive that in the rat these nuclei contain only cells which 
Send their axones to the striate cortex and undergo degeneration after re- 
Moval of the latter, After destruction of the striate area a few scattered cells 
may be found in the nucleus, along the margin of the pars inferior or just under 

Me optic tract, but often even these cells are absent in animals which show 
Visual reactions, These cases rule out any significant function of the lateral 
Seniculate nuclei in the relearning of the habit. 
Nucleus of the accessory optic tracts. The interruption of the optic tracts, in 
Animals which failed to re-form the habit of reaction to light, was at some 
istance beyond the point at which the accessory optic tracts leave the main 
undle of fibers, in practically all cases. Reaction to light thus seems impossible 
with only the accessory optic tracts intact. 
te optic thalamus and superior colliculus. This leaves the optic thalamus 
Superior colliculus as possibly concerned in the reacquisition of the habit. 
Severe injury in the optic thalamus of one side produces a marked retardation 
m telearning, and when both sides are involved the reaction to light becomes 
Impossible, Superficial injuries to the tracts of both sides, where they pass over 


and 
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the pars posterior of the lateral nucleus, produce some retardation, but do not 
prevent relearning. 

Optic fibers to the colliculus apparently pass not only over the surface of the 
thalamus but also penetrate deeply into the lateral and pretectile nuclei, as 
indicated in Fig. 19.3. It is thus impossible to injure the optic thalamus without 
destroying the optic supply of the colliculus, The distribution of fibers to the 
colliculus is such that the temporal retina is represented in the anterolateral and 
the nasal retina in the posteromedial regions. As a result of this, all fibers from 
‘the temporal retina cannot be interrupted except by practically complete de- 
struction of the optic thalamus. 


In the present experiments it is thus impossible to distinguish the func- 
tions of the colliculi from possible functions of the optic thalamus. The 
fact of retardation from superficial interruption of the tracts might be 
taken as evidence that the colliculus is chiefly involved, but such lesions 
also injure the fibers to the large-celled nucleus. We can conclude only 
that in the absence of the striate cortex the reaction to light is dependent 
upon some part of the complex of structures included in the optic thalamus 
and colliculi. 


Discussion 

By analysis of retrograde degeneration in the lateral geniculate nuclei 
it has been possible to divide the cases studied for postoperative amnesia 
into three classes: those with some part of the geniculo-striate system un- 
injured, those with cells much reduced in number in the parts of the 
system not completely degenerated, and those with complete destruction 
of the striate areas and degeneration of the lateral geniculate nuclei. The 
members of each of these classes have fairly consistent postoperative train- 
ing records. So long as any part of the geniculo-striate system remains 
intact, the animal is likely to make a practically perfect score in retention 
tests. If the residual parts of the system show a marked reduction in 
number of cells, the animal makes more errors in postoperative than in 
preoperative retention tests, but still gives evidence of memory. If the 
entire striate cortex of both hemispheres is destroyed, or the radiations 
interrupted, the animals require as much practice for relearning as for 
original learning. 

The effect of a lesion in the striate cortex has thus an all-or-nothing 
character, depending upon the complete destruction of the geniculo-striate 
system. The coefficients of correlation between extent of lesion and re- 
learning scores based on all cases without subcortical lesions, are between 
0.60 and 0.70, virtually as high as those reported in previous similar 
studies. It follows that the correlations previously found were likewise 
due to the inclusion of cases with different types of scotoma and that I 
was wrong in interpreting the amnesia as a continuous function of the 
extent of lesion. 


NEURAL STRUCTURES AND LIGHT DISCRIMINATION 323 


In an earlier study (11) I reported that linear lesions interrupting the 
optic radiations produced an effect only proportionate to the surface area 
of the lesions rather than to the number of projection fibers interrupted, 
as judged by the corresponding effects of lesions within the striate cortex, 
This result is understandable in the light of the present evidence. Clean- 
cut lesions interrupting part of the optic radiation are likely to leave the 
uncut parts of the radiation normal. Lesions to the striate cortex are more 
likely to produce diffuse changes in the parts not actually invaded, with 
consequent amblyopia and poorer retraining records. 

The effects of cerebral lesions on brightness habits are thus in harmony 
with those on detail vision (18). Both show no significant loss unless the 
whole of the functional area is destroyed. For detail vision, as tested with 
the jumping apparatus, this critical area is that for the projection of the 
binocular field; for brightness it is the entire striate cortex. 

It is not certain that all of my earlier results in the study of postopera- 
tive retention of reactions to light can be explained entirely in terms of 
this all-or-nothing effect. In previous studies a smaller percentage of 
animals showed perfect retention of the habit and the relation between 
extent of lesion and retention scores also seemed more continuous through- 
Out the range than in the present study. In a study of the postoperative 
retention of habit based on discrimination of two lights of liminal differ- 
ence I obtained some evidence that the differential reaction to two lights 
might be disturbed when that to a single light was unaffected. The train- 
ing box used in the present experiments is of a type which forces the 
animal’s attention to the stimulus plates to a greater extent than does the 
Customary form. The question therefore remains whether or not the forc- 
ing of attention in this experiment and in studies with the jumping tech- 
nique may not have failed to reveal defects of visual attention resulting 

om slighter lesions which would be effective in prolonging training in the 
Conventional Yerkes box. The clinical literature contains numerous sug- 
Sestions that the power of visual attention is reduced by lesions which 

© not abolish the ability to distinguish details, when sufficient effort is 
expended, 

The loss of the habit after destruction of the striate cortex with subse- 
quent telearning at normal rate remains the most puzzling result obtained 
m studies of brightness vision. All experiments have been consistent on 

'S point. Animals with lesions to the striate cortex produced before 
taining are indistinguishable from normal ones in their rate of learning: 
animals which have lost the habit from operation after training regain 
* with no more practice than was required for their initial learning. The 
experiments of Marquis (19) with the dog confirm the latter result, 
although they indicate some retardation in initial learning after operation. 
No clear explanation of the loss and subsequent relearning has been 
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offered. I have tested for diaschisis effects (11) by retraining animals at 
different time intervals after the operation, and have found that no 
spontaneous recovery occurs within an interval during which other animals 
may be retrained to nearly perfect performance. Operative shock or spe- 
cific depression of other visual centers thus seems ruled out. 

It seemed clear that the capacity to form the habit is not dependent 
upon the cerebral area the destruction of which gives evidence for “locali- 
zation” of the habit. I suggested that the engram for the habit might 
consist of an organization of the entire visual system, in which case post- 
operative amnesia would consist of a disturbance of equilibrium within 
the system, leaving the parts capable of reorganization. Pavlov (25) has 
criticized this interpretation and advanced an alternative of his own. . . . 

I have elsewhere (15) discussed the possibility that for the normal 
animal the form of the object dominates so that the reaction is not to 
light, but to a specific Juminous object. In such a case the light stimulus 
acting after destruction of the striate areas might not be identified with 
the original object and a new set of associations would have to be estab- 
lished with the now formless light. The practical impossibility of establish- 
ing reactions to specific visual patterns in the Yerkes box, with which 
most of these experiments were performed, seems strong evidence against 
this explanation. 

Goldstein (5) in discussing the mechanism of recovery after injuries to 
the nervous system points out that, so long as a given system can function, 
even at low efficiency, the organism will not shift to the use of another 
mechanism, although with complete destruction of the first system the 
shift occurs immediately. This is best illustrated by the data of Fuchs (4) 
on formation of a pseudofovea. The data on cerebral localization of the 
brightness habit fit such a description, but it offers no understanding of 
the mechanism by which the regulation of the activity of different sys- 
tems is brought about. 

None of these explanations is altogether satisfactory. If we assume 
that learning involves the formation of specific conduction paths, there 
seems no reason why they should not be formed at subcortical levels in 
the normal animal and persist after operation. If we assume a disorder of 
attention, this should be evident in a slower initial learning in animals 
with cerebral lesions. If we assume, as I have done, that the entire visual 
system is involved in the habit organization, then we should expect a 
partial destruction of the striate areas to disturb the habit. If we assume 
a shift to a different mechanism, as from detail to brightness vision 
the exact equality of learning records for animals with and without the 
striate areas could scarcely result. 

The anatomical basis for the formation of visual habits in the absence 
of the striate areas is only partly cleared up by these experiments, Further 
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work, both anatomical and experimental, must be done before the inter- 
relations of the geniculo-striate system, the optic thalamus, and the 
superior colliculi become intelligible. Are the subcortical nuclei capable 
of forming visual associations without participation of the cortex? The 
present experiments have eliminated those parts of the cortex to which 
visual fibers are known to be projected, but others may exist. The experi- 
ments of Poltyrew and Zeliony (26) show the formation of visual habits 
after very severe cerebral lesions and the recent work of Culler and 
Mettler (3) seems to establish the formation of simple associations in 
the absence of the entire neopallium. 

Are the reactions to light, acquired in the absence of the visual cortex, 
direct associations with optic paths, or mediated by an intervening muscu- 
lar sensitivity? It is possible that the reflex movements of adaptation give 
tise to an excitation of intrinsic or extrinsic muscles of the eye which 
could be conducted to the kinesthetic areas of the cortex and serve 
as a basis for learning. The sensory areas of the cortex in the rat are 
very extensive and none of our operations has destroyed them com- 
pletely, 

The available data suggest an equivalence of function for brightness 
Vision between the striate cortex and the superior colliculi. Either system 
may be destroyed without abolishing the capacity to react to brightness. 
Before we can accept this equivalence, however, more must be learned 
concerning the functions of the optic thalamus. This rather than the 
colliculus may be concerned in brightness vision. Some of Layman’s 
animals, which formed the brightness habit after destruction of the col- 
liculi, had also large lesions in the optic thalamus, but none so extensive 
as those of the present series. To settle this matter it will be necessary to 
Compare effects of destruction of the colliculi alone and in conjunction 
with destruction of the optic thalamus. 

The survival of the habit after the destruction of any part of the striate 
Areas accords with our previous results on detail vision in showing that 
the memory trace is not localized anywhere within the visual cortex. Any 
Part of the system which can be excited by impulses from the retina, even 
though it be only a few scattered cells connected with the nasal retina, is 
Capable of eliciting the appropriate motor response. 


Summary 


Rats were trained in a modified discrimination box to go to light and 
avoid darkness. They were then subjected to lesions within the striate 
Areas of the cerebral cortex and tested for retention of the previously 
formed habit. The lesions were studied with reference to both the cortical 
‘i destroyed and the distribution of retrograde degeneration within 

e lateral geniculate nuclei. 
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So long as any small part of the geniculo-striate system remained intact 
perfect retention of the habit was possible. 

When the remaining cells in the lateral geniculate nuclei were few and 
diffusely scattered, the animals showed some loss of the habit, but re- 
learned in significantly less than the practice required for initial learning. 

With complete destruction of both striate areas and complete degenera- 
tion of the lateral geniculate nuclei, the animals required as much prac- 
tice for relearning as for initial learning before the operation. 

The postoperative loss of the habit thus follows an all-or-nothing prin- 
ciple, and occurs only after complete destruction of the striate areas. 
Computation of correlations between extent of cerebral lesion and post- 
operative training records gives coefficients of about 0.60, due to the 
inclusion of cases with and without complete destruction of the striate 
areas. My earlier conclusion that the loss of the habit is proportional to 
the amount of tissue destroyed, irrespective of locus within the visual 
areas, was therefore incorrect. 

After complete destruction of the striate cortex and degeneration of 
the lateral geniculate nuclei, relearning of the brightness habit requires 
no more practice than does initial learning by normal animals. 

Relearning occurs when the peristriate areas as well as the striate areas 
have been destroyed. 

Destruction of the striate areas with severe injury to the optic thalamus 
on one side results in a marked retardation in relearning. When the optic 
thalamus is severely injured on both sides relearning becomes impossible. 
It is uncertain whether this effect is due to the injury to the nuclei of the 
optic thalamus or to the interruption of the optic fibers to the colliculi. 

The accessory optic tracts and nuclei are not adequate for the forma- 
tion of visual habits. 
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el. FUNCTIONAL DETERMINANTS OF 
CEREBRAL LOCALIZATION' 


Since the pioneer work of Broca and of Fritsch and Hitzig, there has been 
a steady accumulation of evidence for the anatomic and functional spe- 
cialization of different cerebral areas. Diversities of cortical structure 
revealed by myelino-architectural and cyto-architectural studies have been 
correlated with differences in subcortical connections and with consistent 
and characteristic symptoms of defect following local injuries. The prin- 
cipal sensory and motor areas have been delimited, and the problem of 
cerebral localization has become one of the degree of specialization within 
cyto-architectural areas, of the nature of the functional disturbances fol- 
lowing various types of injury, and of the mechanisms of organization. 

Behind these questions of detail and interpretation there remains, how- 
ever, the problem of the functional significance of all localization. The 
basis of localization of function within the nervous system is apparently 
the grouping of cells of similar function within more or less isolated nuclei 
or fields. The fundamental problem for the student of localization is to 
discover what functions are served by this grouping and isolation. What 
activities of the cells are favored by such an arrangement? What functions 
does it permit that could not be carried out if the cells were uniformly 
distributed throughout the system? Has localization or gross anatomic 
differentiation any functional significance whatever? 

The answers to these questions are not so self-evident as is often as- 
sumed. Neither current theories of the physiology of nervous integration 
nor the observed phenomena of anatomic and functional specialization 
provide an obvious reason for the particular functional divisions of the 
cortex which must be deduced from symptoms of local injury. Increasing 
knowledge of the facts of cerebral localization has only emphasized ig- 
norance of the real reason for any gross localization whatever. 


1 gprrons’ NOTE: From Arch. Neurol. Psychiat., Chicago, 1937, 38, 371-387. Reproduced 
by permission of the American Medical Association. From department of psychology, Harvard 
University. Read before the Boston Society of Psychiatry and Neurology, March 19, 1936- 
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Mentalistic Interpretations of Localization 


For early investigators it was sufficient to regard the separate cerebral 
areas as the seat of distinct mental functions. Descartes had described 
the brain as a sort of filing cabinet in which the memories of the soul are 
stored. Phrenologists followed the facultative psychology of their time 
and found it natural that a thoroughly compartmentalized mind should 
have its activities distributed in space in accordance with a logical classi- 
fication of its functions. Fritsch and Hitzig (4) described the stimulable 
cortex as the “place of entry of single psychic functions into matter,” and 
many, even recent, authors have followed their lead in mentalistic inter- 
pretation. In such dualistic systems localization of functions could be re- 
garded as a necessary consequence of the organization of mind, and the 
question of the functional value of anatomic specialization scarcely arose. 

The error of the phrenologists lay in the assumption that a classification 
of mental traits, arrived at by logical analysis of behavior, reveals func- 
tions which must necessarily have a separate cerebral localization. More 
recent clinical studies have only in part avoided this fallacy. They have 
not assumed that all supposed psychologic entities must have separate 
localization but have sought the reason for localization in mental organi- 
zation, Wernicke and later students of aphasia, notably Pick (30), have 
tried to analyze the language function in terms of logical categories which 
would correspond to the clinical types of aphasia. The explanation of 
Ocalization implied is still in terms of the products of cerebral activity 
rather than terms of the nature of the cerebral mechanisms themselves. 

Perhaps this is only a methodologic dualism necessary in any pioneer 
Study, Insight into the organization of behavior may be gained by study 
OF its disorganization following organic lesions, and something of the 
mechanism of cerebral physiologic activity may be inferred from the 
Organization of behavior. ‘Explanations of cerebral activity, however, 
cannot satisfactorily be cast in mentalistic or behavioral terms. The con- 
clusion that two functions the separate localization of which has been 
c etermined clinically have disparate cerebral loci because they are recog- 
nizable as distinct functions in behavior is merely a circular argument. 

An approach to the problem of localization from the standpoint of 
Psychologie functions leads to a hopeless tangle of contradictions. The 
Projection areas for the various sense modalities are anatomically separate; 
yet it does not follow that spatial separation is essential for differential 
Sar ane ee of eet EONS, We a ne 
receptive > are certain y not depe : n “di BES 
eis p centers, The discrimination of qualities or : imensions within 
oaiiy de modality does not seem to involve any processes psychologi- 

> erent from those in discrimination between modalities, so that 
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one cannot correlate the discriminative process in general with the ana- 
tomic separation of the excitations distinguished or appeal to discrimina- 
tion to account for localization. 

Psychologie unity is also not a criterion of localization. The motor 
processes of “voluntary movement” seem psychologically quite unitary. 
The various disturbances arising from lesions to the cortical motor and 
premotor areas, the basal nuclei and the cerebellum indicate, however, 
that the motor function is a physiologic complex the components of which 
are unintelligible in terms of psychologic analysis. Thus, a function which 
from an introspective or a behavioristic standpoint is completely inte- 
grated and unanalyzed turns out, when its pathologic aspect is studied, 
to be controlled by widely scattered loci contributing quite diverse ele- 
ments to the whole. 

Much stress has been laid on the discrete localization of memory traces, 
but nothing is more evident in the clinical and experimental literature 
than that individual memories are never destroyed by small lesions. The 
clinical picture of amnesia is one of a greater or lesser weakening of all 
memories of a general class from any lesion which is at all effective; the 
experimental picture is that of the preservation by any part of a functional 
area of all memory traces with which the whole is concerned (16, 21). 
The development of conditioned reflex paths or the formation of memory 
traces is not the basis of observed localizations. 

The evidence for the parallel development of intelligence and the 
“association areas” provides no reason for the anatomic separation of such 
areas. The single sensory projection area can mediate functions of the 
same psychologic character as those which are classed as intelligent. Thus, 
Frank and I (23) have found that the discrimination of visual patterns 
by the rat is not disturbed by lesions in any cerebral area except the pri- 
mary visual centers. Such discriminations involve processes of differentia- 
tion and organization which are not definably different from the generali- 
zations and abstractions involved in the “higher” intellectual processes. 
The early controversy concerning the functions of the “associative areas,” 
in which Munk maintained that the interaction of sensory fields is suffi- 
cient for the intellectual functions while Hitzig stressed the need for 
higher correlating centers, at least demonstrated the lack of any a priori 
reason for expecting the development of separate “intellectual” cen- 
ters. 

These illustrations are typical of what is found in any attempt to relate 
localization of function to psychologic or behavioral categories. Functions 
which seem unitary in behavior are broken up by local lesions, and func- 
tions which seem markedly diverse are carried out within the same ana- 
tomically homogeneous field. Whenever separate localization of two 
psychologic entities is established, giving an apparently valid reason for 
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spatial separation, a parallel and equally impressive case can be found in 
which there is not separate localization. 


Localization and General Theories of Integration 


The reflex or connectionist theories of nervous integration, which as- 
sume that activity is determined by the transmission of impulses over 
relatively isolated neural paths through associative connections built up 
in learning, would be equally applicable if no gross localization existed. 
Ina telephone system convenience of administration and economy of 
construction are attained by a system of local exchanges, but the working 
of the exchanges is not dependent on a geographic arrangement of the 
Switchboards. The extreme connectionist theory, represented by be- 
haviorism, asserts that the formation of new associative connections is 
independent of any innate structural organization of the cortex and there- 
ore implies the absence of localization except as built up by chance 
Associative connections. At most, therefore, the connectionist theories 
Suggest that economy in length of reflex arcs may be effected by localiza- 
tion, but they give no reason for such detailed topographic arrangements 
2S appear in the striate area or the central gyrus, nor do they give the 
east hint of a reason for such dissociations of function as are seen in the 
aphasias or agnosias. 

The theory of the development of adjacent excitatory and inhibitory 
Centers, irradiation between which determines balance of activity and 
the character of integration, as proposed by Pavlov (29), might provide a 
reason for the spatial separation of functional mechanisms. Clinical and 
eXperimental data on localization, however, give no indication that this is 

© actual basis of structural differentiation. On the contrary, studies of 
Spinal reflexes and of the motor cortex indicate that excitation and inhibi- 
tion may be originated within the same center. The major anatomic fields 
of the cortex are clearly not interrelated on any principles of reciprocal 
™Nervation, nor did Pavlov himself suggest any such relation. 

Other general theories of neural integration, resonance theories, doc- 
nes of cortical dominance and the like are too vague to suggest anything 
ehnite concerning the basis of cerebral localization. 


Morphogenic Basis of Localization 
Soe aggregation of neurons having similar functions in distinct areas or 
ae ei does not in itself justify an interpretation of structure in terms of 
Aptation, any more than does the distribution of pigment on the skin of 
à piebald animal. Both may be the product of developmental forces, im- 
Portant for the formation of the embryo but without significance in the 
havior of the differentiated animal. The function of the cells may be 
educed from their position and connections, but their position is not 
€refore a necessary consequence of their function. Some part of the 


tri 
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structural diversity of the nervous system may well be an accidental 
product of the mechanism of embryonic development. By the general 
principles of neurobiotaxis, neuroblasts developing simultaneously in a 
given region are subject to the same developmental forces and will send 
their axons to a common field. Thus, local groups of cells having similar 
functional connections will arise; yet the fact of their aggregation and 
the consequent “localization of function” may be entirely without signifi- 
cance for the integrative processes in which they participate. 

For example, the regular arrangement of ascending fibers in the dorsal 
funiculus of the spinal cord seems to be determined by the time at which 
developing axons reach a given level, the later arrivals from lower levels 
displacing laterally those established earlier, Continuation of this arrange- 
ment into the nucleus gracilis and nucleus cuneatus would give a definite 
“localization of function,” yet would not justify the conclusion that the 
physiologic activity of these nuclei is dependent in any way on the spatial 
arrangement. 

How much of the structural differentiation of the nervous system is 
ascribable to such developmental processes and is irrelevant for behavior 
cannot be determined from the anatomic facts alone. The common occur- 
rence of vestigial structures in other parts of the body suggests that the 
arrangement of many of the major divisions of the mammalian nervous 
system may represent only a recapitulation of their phylogenetic history. 
The separation of the sensory fields of the cortex may have no further 
significance than that the neuroblasts in the thalamic nuclei differentiate 
at different times; the association areas may be distinct from the projec- 
tion fields only because they represent masses of nerve tissue of later evo- 
lutionary origin. Thus, the mere existence of specialized regions in the 
brain is not conclusive evidence that the specialization is necessary or 
important for the integrative functions. On anatomic grounds alone there 
is no assurance that cerebral localization is anything but an accident of 
growth. 

I do not wish to overemphasize this point. The vast majority of struc- 
tural arrangements in the nervous system, especially among the lower 
nuclei and tracts, look as if they must have some functional value. But it 
is important to realize that this functional value is accepted largely as a 
matter of faith and that there are no certain anatomic or behavioral prin- 
ciples by which the significance of any particular instance of localization 
may be judged. 


Functional Value of Cerebral Localization 


The most impressive evidence that the differentiation of cerebral fields 
is more than a chance product of developmental mechanics comes from 
cases in which nature seems to be at great pains to restore an order which 
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has been lost at some earlier developmental stage. In the visual system, 
for example, the orderly arrangement of the fibers from the retinal ele- 
ments is partly or completely lost in the optic nerve and chiasm, to be 
reconstituted within the lateral geniculate nuclei, in a three dimensional 
system (19, 34). Again, between the lateral geniculate nucleus and the 
area striata the fibers are confused in the optic radiation, and the order is 
again restored, this time in two dimensions, in the visual cortex (20). 
The developmental history of the visual system is such that simple prin- 
ciples of displacement, such as apply to the dorsal spinal funiculus, will 
not account for the distribution of fibers. The cortical retina becomes in- 
telligible only on the assumption that the projection of the retina on the 
cerebral surface is essential for some phase of visual reaction. 

What is the nature of the nervous processes which demand such iso- 
lated mechanisms or depend on the topographic reproduction of sensory 
Surfaces in the cerebrum? It has been seen that interpretations in terms of 

ehavioral resultants lead to confusion. The answer must be sought in 
the nature of the physiologic mechanisms themselves. Recent experi- 
mental work presents some clues as to the reasons for physiologic isola- 
tion and for the separate localization of such functions as are actually 
dissociated by lesions. Two types of nervous function stand out conspicu- 
ously as characteristic of the activities of different centers and suggest 

© principle that separate localization of functions is determined by the 
existence of diverse kinds of integrative mechanism which cannot func- 
tion in the same nerve field without interference. The assumption of such 
compatibility or mutual exclusion of physiologic processes is consistent 
with many facts of cerebral localization. 

Mechanisms Which Regulate Intensity of Response. The studies of 

herrington and his co-workers on the properties of the motoneuron pool 
en the activities of a center which is primarily concerned with the 
ulation of the, intensity of response (32, 33). The mechanisms sug- 
tee for facilitation, recruitment and inhibition depend on the aggrega- 
On of neurons of like function within a homogeneous field, within which 
a is overlap of axon terminations. Summation within the subliminal 
& = (the overlapping fields of different axons) contributes importantly 
the gradation of intensity of the discharge from the motoneuron pool. 
=i ra a mechanism is well adapted for gradation in intensity of activity, 
r 1t would work imperfectly in maintaining separate representation of 
Ba nn functional units, such as are involved in foveal vision or in 
Ehe ‘scrimination. The efficiency of the system for gradation of in- 
ton $ = is dependent on the close anatomic grouping of cells with com- 
ae nction and on the extent of the subliminal fringes, and this is 
patible with cell to cell correspondences. 
egulation of Spatial Orientation. If one examines the chief cerebral 
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projection areas with respect to the degree of subordinate localization 
within them, as indicated by the diversity of symptoms produced by small 
focal lesions, one finds that the visual, tactile and motor regions have a 
high degree of internal specificity, whereas there is little or no evidence 
of subordinate localization within the olfactory and gustatory fields. (The 
position of the auditory area in this grouping is uncertain. I have found 
some separate projection of different parts of the medial geniculate nu- 
cleus but no such detail of anatomic differentiation as prevails in the 
visual and tactile systems.) Reactions mediated by the visual and tactile 
areas are primarily spatial; that is, the reactions are to the relative spatial 
position of points on the receptive surfaces. The motor region is concerned 
with the selective spatial distribution of excitations to different muscle 
groups. There is a striking contrast between these areas which are most 
directly concerned with spatial reactions and other projection and associa- 
tion areas with respect to the degree of subordinate differentiation within 
them. This suggests that reproduction of the topography of the sensory 
surface on the surface of the cortex is somehow important for orienting 
reactions. 

Little is known of the actual mechanisms of such reactions. They con- 
sist of the translation of a pattern of sensory excitement into a pattern of 
movement with reference to bodily posture. Studies of perception, espe- 
cially in vision, have defined some of the properties of the mechanism, It 
is clear that no simple connectionist hypothesis will account for the facts 
of functional equivalence of parts and for the relational character of the 
adequate stimuli. The system has the characteristics of a field of inter- 
acting forces, as illustrated by interacting magnetic fields or overlapping 
diffusion gradients. Motor reactions are determined by the distribution 
of excitations within the field, irrespective of the particular neurons 
excited (17). 

When one tries to imagine a mechanism for this type of reaction, it is 
necessary to postulate two fields of force so related that a pattern of 
tensions or stresses within one field (a sensory area) will induce a differ- 
ent, but constant, pattern in the other (motor zone) (13). Rashevsky 
has approached this problem from the standpoint of physical systems and 
has shown that such patterns of excitation as form or contour have certain 
simple mathematical properties which differentiate each from every other 
and that postulated physical correlates of the mathematical properties will 
exhibit relations corresponding to the phenomena of behavior (31). I 
have proposed a theory of interference effects of radiated excitations to 
account for the phenomena of sensory equivalence (18), and the “res- 
onance” hypothesis of Weiss suggests a still different mechanism (37). 
None of the hypotheses gives a satisfactory solution of the problem at 

present, but all imply a type of organization between cortical systems 
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different from the organization revealed by studies of the motoneuron 
pool. 

Evidence for the Anatomic Separation of Mechanisms for Spatial 
Adjustments and Regulation of Intensity. Thus, the little that is known 
of the mechanisms of spatial orientation and regulation of intensities of 
reaction suggests that the nervous organizations involved must be differ- 
ent and incapable of unrestricted function within the same anatomic field. 
The available facts of localization seem consistent with such an assump- 
tion. Studies of the visual system have shown a dissociation of functions 
which seems inexplicable on any other basis. In the rat destruction of the 
Striate areas permanently abolishes detail vision, leaving unimpaired the 
ability to discriminate differences in the intensity of light. Injury to the 
Superior colliculi alone produces some impairment of brightness vision, 
Without destroying the capacity for detail vision. Destruction of the striate 
areas, with serious injury to the colliculi and optic thalamus, precludes 
the formation of any habits based on vision. In animals without the visual 
Cortex, reaction is determined by the total amount of light entering the 
eye: Difference in the area of luminous surface is equivalent for behavior 
to difference in surface luminosity (21). 

The condition is probably similar in higher mammals. Marquis (27) 
showed the persistence of brightness vision in the dog after destruction of 
the visual cortex, and Klüver (11) found normal sensitivity to light in 
Ower monkeys from which the whole of both occipital lobes was removed. 

visual cortex, functioning in the differentiation of small spatial dif- 
erences of retinal excitation, shows a high degree of internal anatomic 
and functional differentiation, The available evidence indicates little or 
no subordinate functional localization within the colliculus, although the 
Madrants of the retina have separate projections on its surface. 

ius, in spite of the fact that brightness seems psychologically a char- 
acteristic of visual form, the two variables position and intensity seem to 
°e integrated at different levels of the nervous system, with no evidence 
yet as to where the final integration takes place which gives them psycho- 
Bic unity, 

n contrast to the visual cortex, most intimately concerned in the space 
System, are the olfactory centers and the olfactory cortex. Olfactory ex- 
Perience js lacking in spatial character. In spite of the numerous centers 
and elaborate structure of the olfactory system, clinical studies and the 
suberimenta] investigations of Swann (35) have failed to reveal any 

Ordinate localization. Herrick (8) pointed out that the structure of 

eo factory bulb and the lower centers is especially adapted to facilita- 


ti Ó 
ine and the recent studies of Lorente de Nö (26) showed a 
ech 


2 anism for recurrent excitation in the cornu ammonis which seems 
Pecially adapted for summation. The absence of subordinate localiza- 
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tion in a system adapted to facilitative effects is consistent with my 
hypothesis. 

In motor functions the picture is similar. There are indications that 
many isolated masses of cells in the central nervous system are concerned 
with regulation of the general level of excitation and that they contribute 
little, if anything, to the specific patterning of reaction. The cerebellar 
system, the corpus striatum and basal cerebral nuclei and, in general, the 
structures making up Hunt’s paleokinetic system (10) seem to be of this 
character. 

Lesions in such systems result in global symptoms of decreased force 
and steadiness or inaccurate timing of movements, without marked change 
in the combination of muscles employed in voluntary acts. Within such 
centers there is generally little evidence of subordinate specialization, 
either structural or functional. 

The motor cortex represents the opposite extreme—an area with highly 
specialized internal arrangement. For this area there is little evidence of 
gradation of response with intensity of excitation. With electrical stimula- 
tion the responses are generally of an all or nothing character, and an 
increase in the intensity of stimulation produces longer after-discharge, 
rhythmic oscillation of movement or irradiation to other muscle groups 
rather than simple increase in the intensity of reaction. 

Thus, in both sensory and motor systems there are indications of the 
separation of mechanisms having to do with reactions to space and to 
intensity. This is consistent with my assumption that these functions 
involve different and incompatible kinds of nervous organization and that 
the reason for separate localization of the functions is that the same group 
of nerve cells cannot give graded responses by irradiation and also pre- 
serve the spatial relations of sensory excitation. This hypothesis cannot be 
applied too rigidly. It is possible that such a field as the motor cortex may 
consist of an aggregation of cell groups, each behaving as an excitable 
unit in space reactions while organized to give graded responses by irradi- 
ation restricted within the individual unit. Likewise, the small amount of 
detail vision shown by animals lacking the striate areas implies that within 
the subcortical visual centers which are primarily concerned with intensity 
of the stimulus there is some focalizing and limited irradiation of exci- 
tation. 

The evidence for the separation of these two functions is not conclusive, 
since too little is known of any area to delimit its functions clearly, but 
the hypothesis suggested makes intelligible some of the facts of localiza- 
tion which are otherwise wholly mysterious. 

Orientation in space and regulation of intensity are only two of several 
or many integrative processes which contribute to the total picture of 

behavior. If my hypothesis is correct, that separate localization is de- 
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termined by incompatibility of nervous mechanisms, there should be 
other fundamental nervous organizations or processes which cannot be 
combined with these two and which will account for still different types 
of localized function. One such organization is suggested by the problem 
of serial order in behavior. 

Serial Order in Reactions. The least studied and most obscure prob- 
lems of nervous organization are presented by the temporal aspects of 
behavior. Every action above the level of a spinal reflex involves time 
factors for which there is available no adequate explanation. Control of 
speed and duration enters into the simplest adaptive movement. Accu- 
rate timing of the separate components of an organized movement is as 
important as the spatial pattern. Most adaptive activities depend on the 
serial release of a succession of movements in a predetermined order, as 
in the production of a musical phrase or a grammatical form in speech. 

Understanding of these problems has been delayed and confused by 
the doctrine of chain reflexes, which attempts to account for each act of 
the series as a reaction to sensory exeitations from the preceding act. This 
doctrine is utterly without foundation. I have shown that the control of 
Speed and accuracy of movement may be unimpaired in a limb totally 
insensitive to movement (14). The interval between successive move- 
ments of a musician in playing rapid scale passages is less than the reac- 
tion time to kinesthetic stimulation. Ball and I (22) showed that the 
Serial activities of the animal in maze running may be independent of 
Sensory cues, A large amount of evidence, such as transposition of a 
Musical phrase to any key or the grammatical use of newly acquired 
Words, makes it clear that the order of the series of acts is relatively inde- 
Pendent of the particular form of the acts which constitute it and there- 
Ore cannot be interpreted as a chain of habits. The doctrine of chain 
reflexes must be abandoned, and some other explanation of serial acts 
must be sought. 

A clue to the possible mechanism is given by the studies of limb coor- 
dination reported by Buddenbrock (2) and Bethe (1). Coordinated 
movements following the amputation of one or more legs in arthropods 
and vertebrates were observed, and immediate reorganization adapted to 
Progression was found to occur spontaneously, often with complete re- 
versal of the normal reciprocal relations of the movement of different legs. 

ithout consideration of details, the mechanism of coordination sug- 
A by these studies is somewhat as follows: In the ganglionic chain 
ie imb centers partieipate in coordination which are in a state of tonic 

ation from sensory stimulation of the limb. Dominance or lead in 
OS Same is taken by the most anterior functioning center on each side, 
We S may be interpreted in terms of Child’s conception of polarization of 
n systems (25). Reciprocal relations of the centers are determined 


338 THE NEUROPSYCHOLOGY OF LASHLEY 


by their relative ipsilateral and contralateral positions with respect to the 
dominant centers. 

Details of the mechanism are, of course, obscure, but it seems probable 
that in this system spatial position of the center with reference to polarity 
of the system as a whole and to the excitation of other centers is the de- 
termining factor for the serial order of movement. Turning to activities 
of higher levels, one finds reasons for believing that temporal relations 
are determined by spatial patterns of excitation. Koffka (12) reached 
this conclusion from psychologic considerations. His fundamental argu- 
ment was that the memory trace of a stimulus and the process by which 
it is identified with a current repetition of the stimulus cannot be identical 
and therefore cannot be localized in the same neurons—that the temporal 
aspects of experience must therefore have a spatial basis. 

There are indications that the production of an ordered series of acts 
involves preliminary simultaneous priming or subliminal excitation of 
many or all of the acts, with subsequent supraliminal excitation in prede- 
termined order. Evidence for this comes from contaminations in speech 
and other serial acts—anticipations of words which should come later, as 
in spoonerisms, confusions of alternative words and the like. This also 
implies a spatial representation of the temporal series. 

Such considerations are not conclusive; yet the best guess that can be 
made from psychologic evidence is that temporal phenomena in behavior 
are dependent on spatial relations in the nervous system. Is there evidence 
for separate localization of the mechanisms for serial timing? Clinical 
symptoms suggest it. In apraxia, in syntactic (transcortical, agrammati- 
cal) aphasia and in some cases of sensory aphasia the primary defect 
seems to be in the temporal ordering of activity. Confusions and contami- 
nations of act or speech become more frequent; the execution of an 
ordered series of acts becomes impossible, although the isolated acts may 
still be performed. Recent experimental work on the functions of the 
frontal lobes suggests that one of the major functions of this region may 
be the elaboration of such temporal schemata. 

If temporal order is determined by space factors in the nervous system, 
the fields in which this type of organization is dominant cannot also serve 
in other space systems. There is thus some reason to believe that the 
utilization of the spatial arrangement of excitations in the timing functions 
determines an additional group of isolated cerebral areas. 


Higher Orders of Integration 


The physiologic basis of the more complicated modes of behavior is 
still a mystery, but it seems probable that the same separate localization 
of “patterning” and of dynamic processes holds for them as for the simpler 
sensory and motor activities. Many students of clinical neurology have 
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felt the need for a general conception to cover observed variations in the 
level of efficiency, such as are described by Head’s conception of “vigi- 
lance” (6) and which affect the readiness of elicitation of response rather 
than its form. 

There are many indications that the general level of excitability of a 
center depends on facilitative effects from various sources. Thus, the 
early work of Munk showed that the deafferented paw of a dog is not 
ordinarily used to hold a bone in feeding, though it can be so used when 
the intact paw is restrained. The same condition is apparent in cerebral 
paralysis in the monkey, when intense excitement will lead to temporary 
use of the paralyzed limbs (15, 28). In such cases the organized pattern 
of the movements has not been destroyed, but the excitability of the final 
common path is greatly reduced, apparently as an affect of diaschisis, 
since emotional facilitation can still elicit the reaction. Such dynamic 
deficiencies are apparently responsible for many disturbances of more 
complex behavior. 

Amnesia. In the course of normal forgetting the possibility of recall 
may be lost; yet traces of the former memory can be demonstrated by the 
“savings method” of relearning. The amount of practice necessary for 
relearning is a function of the time elapsed since the original learning. 
The memory trace may thus exist at different levels of availability for 
recall, which in physiologic terms are probably represented by levels of 
excitability, In experiments on postoperative amnesias I found that the 
amount of practice necessary to reestablish a habit is proportional to the 
extent of the lesion (18, 24), and Hu (9) showed that the rate of for- 
Setting of habits formed after cerebral operation is also a function of the 
sion, These experimental results suggest that the organic amnesia is a 
Weakening of the memory trace, of the same nature as that which nor- 
mally results from lapse of time. 

In mild amnesic aphasia and other organic disorders of memory in 
man, the condition may be described as difficulty of recall rather than 
absolute destruction of traces. Recall may be effected by associative aids 
when spontaneous recall does not occur (7), and affectively toned words 
are most likely to be preserved (emotional facilitation). Such facts sug- 
gest that the pattern of the trace is not destroyed in pure organic amnesia 
and that the defect is rather a reduction of excitability. The fluctuations in 
Severity of symptoms reported by Franz (3) bear this out. 

Agnosia. In contrast to the amnesias, there is another general type of 
disorder in which the major symptom is disorganization of the integrated 
Patterns, Klüver 2 found that after various cerebral lesions in macaques, 
the ability to make comparisons of sensory stimuli was lost for a con- 
siderable period. Once the trick of comparing was again acquired, all the 

* Personal communication. 
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habits based on sensory discrimination—tactile, visual and kinesthetic— 
immediately reappeared. The defect in these cases was distinctly different 
from the usual amnesia. It involved a disturbance in the mode of integrat- 
ing or organizing excitations without reduction in the availability of the 
associated reactions when this type of organization was again reestab- 
lished. Many of the symptoms of apraxia, visual agnosia, agrammatism 
and semantic aphasia seem to be of this character, Certain modes of relat- 
ing experience are disturbed, without fundamental amnesia. The disorder 
may occur at a perceptual level, as in the loss of spatial attributes in the 
visual field, or at various higher integrative levels. 

In amnesia and agnosia there is thus the same contrast of dynamic and 
patterning mechanisms which appeared in the separation of fields con- 
cerned with space and with intensity. There are only vague indications 
of the interplay of these mechanisms. I have shown that in the rat habits 
based on the recognition of visual objects are not disturbed by any cere- 
bral lesion which leaves intact any small part of the binocular projection 
field of the striate area. This indicates that the efficiency of a mechanism 
concerned in patterning behavior is not greatly reduced by extensive 
injury and that therefore the dynamic aspects of amnesia are probably 
not the result of direct injury to the patterning mechanism. 

In these experiments on visual memory the lesions were not large 
enough to produce serious general deterioration. From other sources there 
is evidence that larger lesions in any part of the cortex produce general 
lowering of efficiency. Tsang (36) showed that in rats blinded at birth 
lesions limited to the area striata produce severe retardation in maze 
learning and, hence, that the primary visual cortex has an important non- 
visual function. I have shown that the retarding effects of lesions of equal 
area in different parts of the cortex are practically identical in a variety 
of types of learning. I have interpreted such results as evidence that, in 
addition to their specific functions, all parts of the cortex exercise a gen- 
eral facilitative effect on the rest. It is possible that in higher animals 
cortical areas having more localized facilitative functions may have de- 
veloped and that some of the specific dynamic disturbances observed 
clinically may be due to their injury. Whether this is the case or whether 
the observed dynamic disturbances are really the expression of general 
lowering of functional efficiency can be determined only by more detailed 
studies of the range of defect in various types of disorder. 


Physiologic Interpretation of Localization 


Nearly a century of psychologizing concerning the cerebral cortex has 
added practically nothing to knowledge of its fundamental activities, The 
transmission, summation and inhibition of nerve impulses, with such ob- 
scure processes as are implied in humoral and electronic conduction, form 
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the real basis of nervous integration and the foundation on which under- 
standing of cerebral function and of the problems of behavior must be 
built. So far as it is not an accident of development, the separation of 
functions shown in cerebral localization must be due to some physiologic 
necessity. The phenomena of behavior and of “mind” present problems to 
the neurophysiologist and define the physiologic mechanisms in terms of 
what they can accomplish but give no clue to the nature of the integrative 
Processes, 

Knowledge of such processes in the cortex is still too limited to permit 
of anything but vague speculations concerning their nature largely in- 
ferred from the phenomena of behavior. The direction of the specula- 
tions, however, is important for the development of further research. It 
has been assumed that the properties of experience are represented at the 
level of some simple nervous activity or in single loci: sensations in the 
Sensory areas, volitional patterns in the motor regions or particular forms 
of intelligent behavior in restricted coordinating centers. Such concep- 
tions of localization are oversimplified and must be abandoned. Nothing 
is known of the physiologic basis of conscious states, but there is some 
reason to believe that these states can be correlated only with the sum- 
mated activity of all centers simultaneously excited. The position of Gold- 
stein, that the functions of every center are dependent on its relations to 
the rest of the intact nervous system (5), cannot be too strongly empha- 
sized in considering problems of neuropsychology. Conceptions of- the 
Organization of mind or of behavior are based on a logical analysis of the 
activities of the total organism, and the final synthesis of nervous states 
Which constitute these activities must transcend the excitation of any 
single center, 

US, one must expect to find fractionings of behavior following or- 
Sanic lesions which cannot be expressed or understood in the current 
Psychologie terminology. Indeed, psychologists are in scarcely better case 

an neurologists when it comes to interpreting the fundamental variables 

ehavior. The recently developed technics of factor analysis often 
reveal variables which are difficult to identify with any psychologic units. 
© “unit traits” or mathematical abstractions which account for correla- 
tions of ability in different tasks often indicate relations which are as 
unintelligible in terms of the total behavior pattern as are the symptoms of 
Organice lesion of the brain. The technic of factor analysis has been criti- 
“ized for this failure to reveal expected relationships; yet this very fact 
may be an argument in its favor. A single physiologic variable may well 
Contribute to activities which are logically unrelated, and the most bizarre 
results of factor analysis may become quite reasonable when the physio- 
Bic variables are understood. The functional units of behavior must be 
etermined by the exigencies of nerve conduction and integration. 
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The problem of why there is localized specialization of function in the 
nervous system is far from solved by the hypotheses which I have formu- 
lated in this paper. But the hypotheses may serve to point the contrast 
between the physiologic point of view and the mixed metaphysics of the 
current mentalistic interpretations of localization. Not the logical se- 
quences of a course in Euclid but the interplay of nerve impulses de- 
termines the localization of intellect and the variables which enter into it. 
There is small chance of understanding either the phenomena of localiza- 
tion or the physiologic basis of logic until they can be cast in terms of 
elementary nervous activities. 


Summary 


In the foregoing discussion I have sought to illustrate a physiologic 
approach to the problem of cerebral localization. Various lines of evi- 
dence indicate that the spatial distribution of excitations within a nerve 
center may form the basis for several types of integration, such as the 
regulation of intensity of discharge, the establishment of fields of force to 
determine spatial orientation and the control of the serial timing of activi- 
ties. Each of these functions implies a different mechanism of organization 
and, consequently, a spatial separation of the fields in which the different 
processes operate. Experimental and clinical data indicate that the disso- 
ciation of functions resulting from cerebral lesions is in harmony with 
the assumption that cerebral localization is determined by the separation 
of such incompatible mechanisms. 
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el. THE THALAMUS AND EMOTION! 


For many years some relation between the thalamus 2 and emotions has 
been suspected. As early as 1822 Fodéra reported that stimulation of a 
region between the level of the chiasma and the corpora quadrigemina 
induced cries and other emotional expressions which could not be elicited 
by Stimulation of the cerebral hemispheres. Bechterew (3, 4, 6) was the 

rst to collect evidence systematically to show that the thalamus is con- 
cerned in emotional expression. He described the production of a variety 
of expressive and visceral responses by stimulation of the thalamus, the 
expression of major emotions in the decorticate animal, and the appear- 
ance of spasmodic laughter and weeping after lesions involving the in- 
ternal Capsule in man (3). His objective system of psychology had no 
Place for a separate category of emotions. He developed the Darwinian 
Concept of the origin and adaptive character of expressive and visceral 
reactions, but made no effort to relate them to emotional experience (5). 

From his work on the sensory pathways, Head (19) was led to postu- 
Ate a thalamic center concerned with the affective character of somatic 
Sensation. He assumed that damage to the center or to its corticopetal 
Connections produced hypaesthesia and that release of the center from 
Cortical control resulted in intensification of the affective character of 
the Sensations. He was not explicit concerning the mode of action of the 
thalamic center, He seems to have accepted the James-Lange theory for 
the motions, yet to ascribe the affective value of sensations of pain and 
tickle to direct action on a thalamic center. 

Nereasing doubt of the James-Lange theory of emotions has led more 
recently to a search for an alternative physiological hypothesis, Of the 
Various ones which have been proposed, level of central tonus, conflict of 
Teaction tendencies, and the like, an elaboration of Head’s theory of 

alamic function has excited the widest interest and following. It has 
fen expressed with some variations by Dana (12), Cannon (10), Bard 
1, 2), and Harlow and Stagner (18). 


mer ens’ Nore: From Psychol. Rev., 1938, 45, 42-61. Reproduced by permission of the 
In th Psychological Association. From Harvard University. . 
the ne lowing discussion I shall use the term thalamus to identify the general region of 
the varion. alon. This is in accord with frequent usage, and more accurate designation of 
1S regions of the diencephalon is immaterial to the argument. 
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The theory of emotion as a function of thalamic activity has been most 
precisely stated by Cannon (10) in essentially the following form. Affer- 
ent impulses initiated by the stimuli capable of arousing emotion are 
transmitted to the cortex. Within the cortex they are integrated to arouse 
the appropriate overt behavior. A center in the thalamus is also excited, 
either directly as the sensory impulses are relayed there, or secondarily 
by impulses from the cortex. The thalamic center (center for emotion) 
discharges somewhat explosively, exciting the effectors in patterns which 
constitute the “expression” of the emotion and also discharging to the 
cortex, where the impulses from the thalamic center add the “peculiar 
quality of emotion” to the simple sensation aroused by the direct effects 
of the exciting stimulus. In addition it is suggested that the flood of im- 
pulses from the thalamus constitutes the emotional tension and accounts 
for the dynamic or motivational character of the emotion. 

Harlow and Stagner (18) have assumed that only one type of facilita- 
tion, corresponding to a general excitement, is contributed by the thala- 
mus and that differentiation of diverse emotions is the result of cortical 
discriminative processes depending upon the stimulating situation. Bard 
(1, pp. 323-324) points out, in criticism of these writers, that the motor 
patterns elicited from the thalamus are specific for different emotions and 
consequently imply a difference also in the pattern of corticopetal im- 
pulses from the thalamic center. He thus seems to hold that the thalamic 
center determines the qualitative differences between emotions. , 

To account for the phenomena in certain pathological cases the theory 
further assumes that the cortex has both excitatory and inhibitory influ- 
ences upon the thalamus and that the inhibition is effective both upon the 
motor and the corticopetal excitations arising in the thalamic center. 

The theory has the virtues of clearness and simplicity and of apparent 
support by a large body of experimental evidence. In these respects it has 
an advantage over vague theories of nervous tension and over more com- 
plicated formulations which seek to deal with the intellectual and motiva- 
tional aspects of the problem. From the psychological standpoint, how- 
ever, it is inadequate in several respects. Like the James-Lange theory, 
which it seeks to displace, the thalamic theory is concerned primarily 
with the problem of experience. It minimizes, if it does not disregard en- 
tirely, the problem of motivation which looms so large with the develop- 
ment of dynamic psychology and psychopathology. Further, a unity and 
constancy of emotional experience is assumed, which is scarcely justified 
by introspective findings. It is by no means established that there are any 
identifiable emotions which have a constant qualitative character, or that 
the “peculiar quality of emotion” is a genuine phenomenon. The evidence 

which has been cited for the specificity of different emotions is the con- 
stancy of the patterns of bodily reaction (2), yet the proponents of the 
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thalamic theory have denied subjective significance to these very reac- 
tions in their attack upon the James-Lange theory. 

These criticisms, however, are not serious obstacles to the thalamic 
theory of the emotions, It could doubtless be elaborated to provide a 
basis for motivation and it has been modified by Harlow and Stagner to 
conform to psychological data concerning the importance of intellectual 
factors in the subject's identification of his emotions. 

A far more fundamental issue for the theory is that of the validity of 
the evidence upon which it is based. The theory ascribes three functions 
Specifically to the thalamic region: action as a higher motor center in the 
integration of patterns of expressive reaction, the initiation or facilitation 
of nervous impulses which modify cortical processes to give them an 
emotional character, and the reinforcement of behavior in the sense of 
the addition of an emotional drive. In this paper I propose to examine the 
evidence that the thalamus contains a specific center or centers for these 
functions. 


The Integration of Motor Patterns in the Thalamus 


Bechterew (3, 5) compiled evidence of the functions of the thalamus 

in the elaboration of expressive movement. On electrical stimulation of 
the thalamus he was able to elicit vocalization, respiratory and circula- 
tory changes, erection of hair and other expressive movements from a 
variety of animals. T. G. Brown (8) described respiratory movements 
resembling laughter on stimulation of a region mediad to the red nucleus 
and sighing on stimulation of the caudal portion of the thalamus of the 
chimpanzee, Other investigators have added to the number of visceral 
activities found to be elicitable from this region. 
f Bechterew (3) also reported that decorticate animals were readily 
induced to display patterns of expressive movement but that after section 
behind the thalamus only partial patterns, cries and the like, could be 
elicited, and these only by strong stimulation. The careful systematic 
studies of Bard a, 2) have confirmed these observations on thalamic 
Preparations and have localized the motor center for some of the expres- 
Sive movements more closely in the caudal part of the hypothalamus. 

These studies leave no doubt that there are centers within the thalamus 
whose excitation elicits organized patterns of emotional expression. Parts 
of the Patterns are integrated at lower levels. Elements of the fear and 
rage patterns may be elicited from midbrain preparations (3, 33), and 
Stretching, which might be interpreted as a sign of contentment, may 
Occasionally be elicited even from the spinal animal, but for complete 
Integration the caudal portion of the thalamus is essential. The occur- 
rence of spasmodic laughter and weeping in cases of diplegia, together 
with Graham Brown’s observation on the chimpanzee, tend to localize 
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the motor centers for these expressive patterns also in the thalamic 
region. 

In the hierarchy of motor centers we may then recognize the thalamic 
region, especially the hypothalamus, as the region within which the 
complex patterns of expressive movement are elaborated. It does not 
follow from this, however, that the pathological phenomena of hyper- 
excitability of emotional reactions are due solely to release from cortical 
inhibition or that the thalamic motor center for expressive movement 
contributes to the emotional experience. 

Excitability of the Motor Centers. All investigators have reported a 
more ready elicitation of some emotional expressive movements from the 
decorticate than from the normal animal. In carnivora these have been 
described as rage and fear. In the anencephalic infant startle, expression 
of pain, and crying are readily obtained. Comparable data are not avail- 
able for the human adult, but the spasmodic laughter and weeping of 
pseudobulbar paralysis and the excitement and euphoria of frontal lobe 
cases have been interpreted as representing a similar condition. On the 
basis of Hughlings Jackson’s principle that lesions cannot produce a 
gain in function, the increased reactivity must be ascribed to a decrease 
in inhibition. Head (19) developed this conception to explain the hyper- 
algesias resulting from thalamic lesions, assuming that the release of a 
thalamic affective center from cortical inhibition leads to an increase in 
affective discharge to the cortex. The theory of thalamic function in emo- 
tion has made use of the same concept to account for the increased 
emotional excitability in organic nervous disorders. 

Although we may assume that the increased excitability of the motor 
centers is a result of withdrawal of inhibition, a survey of the evidence 
leaves some doubt as to the source of this inhibition in the normal animal. 
It is by no means certainly established that the disturbances of emotional 
expression in pseudobulbar palsy are actually due to the interruption of 
cortico-thalamic paths. Wilson (32) reported spasmodic laughter and 
weeping in progressive lenticular degeneration, which involves the stri- 
atum, but perhaps not important cortico-thalamic tracts. Tilney and 
Morrison (31) have reviewed the cases of pseudobulbar palsy for which 
there were anatomical controls. Of these, half which exhibited spasmodic 
laughter and weeping had no lesions in the striatum or thalamus, and 
half of the cases with lesions in these structures did not show disturbances 
of expressive movement. The ascription of the loss of control of emotional 
expression in such cases to interruption of cortico-thalamic inhibitory 
fibers is an inference from the thalamic theory and is not based upon con- 
clusive anatomic evidence. 

Facile laughing and weeping, especially the latter, appear in a number 
of other conditions, such as extreme fatigue, debility after infectious 
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disease, depressions of pregnancy and menopause, hysteria, and under the 
effects of various drugs. Since these conditions seem to form a continuous 
series with the extreme condition in pseudobulbar palsy, and since to as- 
sume that all of these conditions are forms of partial decortication is to 
beg the question, we have little reason to believe that convulsive laughter 
and weeping are due primarily to the interruption of cortico-thalamic 
inhibitory tracts. 

There is no other convineing clinical evidence of the release of emo- 
tional expression by any form of cortical lesion. The frontal lobe symp- 
toms of excitement or euphoria (15) may be so interpreted, but they may 
also be explained as positive reactions or excitation, due toa lower level of 
Comprehension of social situations. In any event there is no evidence that 
release of the thalamus rather than of other cortical regions from frontal 
inhibition is responsible for them. The phenomena are simply too com- 
Plex to serve as evidence for any theory. , 

Thus we see that, although normal inhibition of the thalamic centers 
for expressive movement is indicated, there is some uncertainty as to the 
Source of the inhibition. . . . 

The rage response is more readily elicited and is more violent in the 
decorticate than in the normal animal and this justifies the postulation of 
& normal inhibition of the rage reaction by the cortex. But it is quite 
Possible that variations in the excitability of other emotional reactions 
may be conditioned in entirely different ways and it is still unsafe to 
generalize from the condition of the decerebrate animal to the various 
Clinical pictures of emotional hyperexcitability. i s 

The Motor Centers and Emotional Experience. The only direct evi- 
dence concerning the discharge to the cortex from the thalamic motor 
centers for emotional expresion is that derived from cases of spasmodic 
laughter and weeping. Dana (12), Wilson (32) and others have pointed 
Out that many patients with these symptoms disclaim emotions appro- 
Priate to the expression,? and Dana, Wilson, Cannon (10) and Bard (2) 

ave cited such dissociation of emotional experience from expression as 
evidence against the James-Lange theory. It is to the same extent, how- 
ever, evidence that discharge to the cortex ‚from the thalamic motor 
Centers for emotional expression is not the basis of the subjective quality 
0% emotion, For the motor discharge is specific in different emotional 
expressions, as Bard (2) has pointed out, and we have no basis for 
assuming that the center can discharge one emotional pattern to the 
effectors and another to the cortex. We must therefore recognize on the 
b In one Patient of this type, whom I have studied, spasmodic laughter could be induced 


reference to his very distressing home situation, He not only denied amusement but 


claimed that h sed during the spasm of laughter. This is evidence 
sel there a a en which is the opposite of that represented 
Y the thal 


lamic discharge. 
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basis of these clinical cases that the thalamic motor centers, which are 
concerned with the elaboration of emotional expression, are not the 
source of corticopetal impulses which determine the subjective character 
of emotion. 

To preserve the thalamic theory this forces the postulation of another 
thalamic nucleus which contributes the emotional quality and may be dis- 
sociated from the motor nuclei. But this assumption immediately involves 
further difficulties. To contribute emotional excitation to the cortex, the 
nucleus must be excited, either by sensory impulses relayed in the thala- 
mus or by descending impulses from the cortex. It must be dissociated 
from the thalamic motor nuclei by the same lesions which free the latter 
from cortical inhibition, since it still contributes appropriate emotions 
when the action of the motor nuclei is inappropriate. It must be excited 
by other sensory impulses or cortical processes than those which activate 
the motor nuclei, since the “emotional” and motor nuclei can be aroused 
to opposite activities by the same stimulus. We seem to be approaching 
here the extravagances of the diagrammatic theories of aphasia, and I 
shall not pursue the matter further. 

Before such speculations are justified, it must be demonstrated that the 
thalamus does contribute something to emotional experience. The only 
positive evidence which has been adduced in support of the origin of 
centripetal affective or emotional impulses within the thalamus is that 
presented by Head in his studies of pathological changes in somesthetic 
sensation. He reported changes in the character of somesthetic sensations 
following thalamic lesions, which he interpreted as affective disturbances 
due to interference with the functions of a specific thalamic center. In 
the following discussion I shall attempt to show that the symptoms re- 
ported by him are not due to disturbance of affect and that they are 
not confined to lesions involving the thalamus and its cortical connec- 
tions. 


Affective Reinforcement of Sensory Impulses by the Thalamus 


The facts from which Head deduced his theory of thalamic function 
were the following symptoms in cases of thalamic lesion: 

1. Pricking, scratching, heat, pressure, or continued stroking may be 
felt by the patient as intolerably disagreeable or painful upon the affected 
side when like stimuli on the normal side have no such disagreeable 
character. 

2. In other patients stimuli which are felt as painful on the normal side 
are not felt as painful on the affected side, although their pricking, scratch- 
ing, or other qualitative character is recognized. 

3. In hyperalgesia the absolute threshold is not lowered, but the emo- 
tional effects of the adequate stimulus are heightened. 
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4. Warmth and, rarely, tickling may be felt as abnormally pleasant on 
the affected side. 

5. In a few patients showing increased affectivity of pain, auditory 
stimuli, especially those of an emotional character, produce tingling and 
other unpleasant sensations in the affected parts of the body. 

To account for these facts Head assumed that there is a center in the 
thalamus which adds the affective character to the somesthetic sensations. 
Hyperalgesia and increased pleasantness of warmth were interpreted as 
due to release of this center from cortical inhibition, hypoalgesia to inter- 
ference with the activities of the center, or with its afferent path to the 
cortex, 

We must raise two questions concerning this interpretation: Are the 
“affective” changes specifically dependent on the thalamus? Are the facts 
relevant to the problem of emotion? 

Pathological “Affective” Changes Restricted to Somesthetic Sensations. 
We may first dismiss briefly the claim that the thalamic lesions involve 
a general change in affective experience. The evidence advanced for this 
Was the report of emotional disturbance by music, of which Head records 
two cases. These cases have been cited by Bard (2) as evidence that “the 
feeling tone of any sensation is a product of thalamic activity.” But what 
Head actually reported was that the music caused unpleasant somesthetic 
Sensations, “One of our patients was unable to go to his place of worship, 
cause he ‘could not stand the hymns on his affected side’ and his son 
Noticed that during the singing his father constantly rubbed the affected 
nand” (19, p- 560). Again, “As soon as the choir began to sing, a ‘horrid 
feeling came on the affected side, and the leg was screwed up and began 
to shake.’ ” 4 In no case was the affect referred to the source of emotional 
stimulation, to the music, but always to sensations of somatic reaction to 
the stimulus. Only one interpretation of the reports is possible: that the 
emotional stimuli gave rise to expressive reactions which, owing to the 
"yperaesthesia on the affected side, were felt there more acutely. Nothing 
More than an abnormality of somesthetie sensation is indicated by the 
o servations; certainly nota general increase in affectivity. 

There is, I believe, no case on record of affective disorders involving 
other Sense modalities in a manner similar to that described for somes- 
thesis. Photophobia occurs in certain retinal conditions and in migraine 
ut not after central nervous lesions, and it involves pain on photic 
Stimulation, not an affective reaction to light. Disagreeable olfactory hal- 
‘Ucinations are frequent and may have a sensory basis, but they result 
rom lesions within the olfactory system and I have not seen an account 
4 A Sg = er aiy P 
be aero en, express movement to the lg 
ng ight also be a secondary reaction 


release of i inhibition, but mi 
due € of an emotional center from in! s 
to the greater intensity of somesthetic impulses from the affected side. 
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of any change in the affective character of olfactory sensations from lesions 
in the thalamus or internal capsule. Certainly no such affective changes 
were reported for Head’s cases. It is noteworthy also that sensations of 
posture showed no alteration in affective character in his cases. 

The release of an affective or emotional center in the thalamus from 
cortical or other inhibition should result in a change in the affective value 
of all stimuli capable of arousing emotion, if the region is to be regarded 
as a general center of affect or of emotion. Such a general change in the 
level of affect does not occur after thalamic lesions. The affective changes 
produced are restricted to the narrow group of somesthetic sensations— 
pain, heat, tickle, and warmth. The clinical evidence cannot be cited 
legitimately as bearing upon the general problem of affectivity or 
emotion. 

The phenomena are peculiar to a single limited group of sense modali- 
ties. Since these are not the only sensory impulses relayed in the thalamus 
and since the sense modalities included in the group are peculiarly related 
in several ways, we must inquire whether the affective changes are a prop- 
erty of the thalamus or of some characteristic of these special modalities. 

The Locus of Somesthetic “Affect.” Hyperalgesia may result from 
lesions anywhere along the conduction path from the end organ to the 
thalamus.® Rivers and Head (28) reported an excessive painfulness of 
pain stimulation during regeneration of cutaneous nerve and this fact has 
been confirmed by more recent investigators. Hyperalgesia occurs in 
neuritis and other diseases of peripheral nerve. It has been ascribed to 
irritative lesions but persists in cases of long standing where active irrita- 
tive processes are improbable. 

It is also of common occurrence in lesions or diseases of the cord. In 
syringomyelia it has been ascribed to irritation, but it is noteworthy that 
in such cases there is no evidence of motor irritation. After traumatic 
destruction of parts of the cord hyperaesthesia and hyperalgesia may be 
pronounced. In Brown-Séquard paralysis, after hemisection of the cord, 
it is a characteristic feature (7). Kocher (23) lists ipsilateral hyper- 
aesthesia for touch, pain, and sometimes heat and cold as characteristic 
symptoms of hemisection of the human cord. Hyperalgesia has been 
described in numerous experiments with animals. Most of these experi- 
ments were acute, but some of Martinotti’s animals (25) were apparently 
kept beyond the irritative stage. Head (19) recognized the existence of 
hyperalgesia in spinal lesions, although he did not report it in the cases 
which he studied, and minimized its importance for his theory. 

Thus hyperalgesia is not a result only of lesions within the thalamus 
but may arise from damage anywhere along the afferent path. From the 

reports one can discover no difference in the character of the “affective” 

5 A number of pertinent cases have been reported by Davison and Schick (13). 
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disturbance corresponding to the site of lesion. The same description of 
diffuse, burning, intolerable pain is given by all types of patients showing 
hyperalgesia, whether due to peripheral, spinal, or thalamic lesion. The 
ascription of a specific “affective” change to cases of thalamic lesion, dif- 
ferent from the condition in spinal and peripheral lesions, is not justified 
by the published statements of the patients. 

Various theories have been advanced to explain the origin of the hyper- 
aesthesias. An early attempt to account for the condition in Brown- 
Sequard paralysis was that of Kocher (23). He pointed out that the 
hyperalgesia is more frequent and more severe in cases of complete than 
of partial transsection of the cord. He made the assumptions that the pain- 
fulness of pain is determined by summation and irradiation in transmission 
through the central gray; that in partial hemisection there is some ipsi- 
ateral as well as contralateral conduction of pain; and that in complete 
Nemisection all the pain impulses are relayed to the opposite side of the 
cord and so caused to irradiate more widely. The theory involves a some- 
what teleological conception, that pain impulses blocked from one path 
must follow another, which is contrary to what we know of the mechanism 
of conduction.s Nevertheless the emphasis which the theory places upon 
the factors of irradiation and summation may furnish the clue to the nature 
of hyperfunction, as we shall see when we examine the characteristics of 
the Sensory impulses. 

© account for hyperalgesia after nerve section Head (19) proposed 
à theory of reduced inhibition. In support of the theory he reported ex- 
Periments on the glans penis. Stimulation of this region by water of 40 
grees induced severe pain. When the temperature was raised to 45 
“grees the sensation changed to one of heat. When the corona as well as 
the glans was stimulated at this temperature, the sensation again changed 
to one of pleasurable warmth. From these facts Head deduced that fibers 
Conducting other sense modalities are capable of inhibiting pain impulses. 
did not speculate concerning the locus of these inhibitory processes 
ut his theory seems to necessitate the view that the inhibition takes place 
ù the thalamus, since increased affective value of pain or of pleasurable 
Sensations js involved, 

In this form the theory encounters several difficulties. If the various 
types of sensory impulses remained isolated until they reached the 
thalamus and there discharged into a common pool, there would be reason 
to ascribe the inhibition to the thalamus. But the same types of sensory 
dissociation are produced by spinal as by thalamic lesion, though not 
Always in the same combinations. There is therefore no reason to ascribe 
the mutual influence of sense modalities to the thalamus rather than to 


i 
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just Orter phenomenon in the conduction of respiratory impulses does seem to involve 
Such an all-ornone ee in path as was postulated by Kocher (23). 
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other points along the sensory paths, or to assume that inhibitory processes 
take place there rather than in the spinal gray. 

Lewandowsky (24) states that hyperalgesia from spinal lesions may 
be present with or without associated defects of other sense modalities. 
Even admitting, as Head claims, that the measurement of sensitivity by 
earlier investigators leaves much to be desired, this statement indicates 
that the degree of hyperalgesia is independent of the severity of other 
sensory defects. The theory of inhibition would seem, however, to imply 
that the degree of sensitiveness to pain should be proportional to the 
amount of other sensory loss. Further, the theory fails to account for 
hyperaesthesia of spinal origin to tactile stimuli, as it appears in the exag- 
gerated unpleasantness or even the painful character of tickle, 

Finally, recent evidence upon the relation of cold, heat, and pain to 
vasoconstriction and dilatation (27) suggests an entirely different ex- 
planation for the results of Head’s experiments on the glans and for 
hyperalgesia after nerve section. If, as Nafe suggests, cold, heat, and pain 
may be mediated by the same receptors and depend upon the degree of 
vasomotor tension, the intensity of pain stimulation by heat may be 
dependent upon the local vasomotor reactions, and not upon any higher 
central nervous process. 

Thus the data presented by Head do not justify the assumption that 
the “affective” aspects of somatic sensation are controlled exclusively by 
the thalamus. Lesions anywhere along the sensory pathway may produce 
the same “affective” symptoms and there is no decisive evidence for 
localizing the phenomena at any specific point along the afferent path. 

Common Characteristics of Somatic Sensations which Show “Affective” 
Disturbances. Among the somesthetic sensations those which are con- 
cerned with spacial localization do not show any pathological increase in 
intensity or affectivity. Tactile discrimination and localization of posture 
may be defective but never become painful or abnormally pleasurable. 
Only unlocalized touch, pain, pressure, temperature, and tickle become 
pathologically unpleasant, and warmth and tickle may show the character 
of increased pleasantness. 

All of these have in common a tendency to summation and to collateral 
irradiation. They are not accurately localized and when they are of 
pathological intensity their diffuseness is greatly increased, The normal 
irradiation of pain is evident at spinal levels in the spread of reflex avoid- 
ing reactions and in referred pains. Light tactile stimuli likewise summate 
at spinal levels, as in the adequate stimulus to the scratch reflex, 

Temperature and pressure are closely related to pain and there are 
recent indications that pain may depend upon summational effects as 
well as upon specific fibers. Heinbecker, Bishop, and O’Leary (20) have 
presented evidence that the painful character of pricking stimuli depends 
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upon summation of a number of impulses. Nafe (27) has summarized 
the evidence that sensations of heat, cold, and pain may originate in 
different degrees of vasomotor constriction. Gasser (17) suggests that 
the pressure impulses conducted by large afferent fibers may under some 
conditions arouse pain. 

The above evidence indicates that the painful character of these sensa- 
tions may be a function of special conditions of summation, rather than 
of the arousal of special pain fibers or the addition of a specific affective 
quality, and that what Head interpreted as a specific emotive function of 
the thalamus is really a phenomenon of summation and irradiation arising 
from the unique characteristics of conduction of this limited group of 
Sensory paths, 

We know little about the conditions underlying warmth, tickle, and 
the sexual sensations, the so-called pleasurable sensations. They have in 
common the character of diffuse, poorly localized tingling, and are slow 
in development and subsidence. In summation and irradiation they re- 
semble pain and differ from other sense modalities. That they are closely 
interrelated is indicated by studies of the erogenous zones, studies which 
also Suggest a vasomotor element. They cannot be elicited by single 
Stimuli, but must be built up by slow summation. Sexual sensations are 
Sometimes abolished by low unilateral spinal lesions which do not destroy 
tactile Sensitivity of the genitalia. Since the specific receptors are probably 
tactile, this disturbance of the pleasurable character of the sensation must 
be due to local interference with irradiation or summation. 

The painful and pleasurable sensations thus form a group unified by 
Peculiarities of summation and irradiation which are not exhibited by 
Any other sense modalities. No other modalities show the pathological 
alterations in “affective” character which occur in this group. The con- 
clusion seems justified that the pathological changes in “affect” are bound 
UP with the special properties of conduction of this limited group of 
Somesthetic impulses. These properties are not specific to the thalamus, 

ut occur wherever the impulses reach a center, spinal gray, medulla, or 
thalamus, The especial importance of the thalamus may be ascribed to 
te fact that it contains the largest and most intricate nuclei within which 
these impulses are relayed and thus offers maximal opportunity for any 
abnormalities of conduction. 
g e do not yet know enough about the behavior of somesthetic impulses 
in summation and irradiation to understand their various central effects, 
ut can infer something from the properties of the motoneuron pool 
0). The suggestion has been made that when a pool has alterna- 
e outlets, the first impulses to arrive may prime one path, which will 
en be facilitated by impulses which might otherwise have initiated 
another reaction. Under pathological conditions not only primacy, but also 
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number and rate of succession of impulses might be determining factors, 
and a slight change in timing or intensity could alter the path of afferent 
discharge and so the subjective character of the effects of the stimulus. 
Changes in relative dominance among impulses from various receptors 
would account for alterations in “affect” resulting from partial destruc- 
tion of conduction paths as well as from injury to centers and so explain 
hyperalgesia from injury to peripheral nerve and to spinal tracts. 

This is, in a way, a theory of release from inhibition (change in 
dominance of impulses in a center) but it does not involve, as does Head’s 
theory, the conceptions of the specific inhibition of a center, of a localized 
source of inhibitory impulses, or of a restricted center for the emotional 
reinforcement of sensory impulses. 

The available evidence justifies the conclusion that the “affective” 
character of somatic sensations is correlated with their peculiarities of 
conduction, and probably their relations to vasomotor reflexes, and that 
their “affective” character may be altered by lesions which disturb con- 
duction at any of the synaptic junctions through which the impulses are 
relayed. There is no support for the assumption that the thalamus has 
a unique influence upon the “affective” character of the sensations. 

Pleasure-Pain and Affect. One further question, concerning the patho- 
logical changes in somesthetic sensation produced by lesions in the 
afferent paths, must be discussed. Are they primarily changes in affect, or 
changes in the intensity and localization of specific sensations? The rela- 
tion of pain and sensations of pleasure to unpleasantness and pleasantness 
is still a controversial matter. There seems however to be a general agree- 
ment that the sensations are correlated but not identical with affect. 
Tickle may be unendurable, the warm flush of fever decidedly unpleasant. 
Pain may be sought as a source of masochistic pleasure. Investigators 
who still argue for a sensory basis of affect (26, 21) do not identify it 
with pleasure and pain, but with bright and dull pressures. It cannot be 
argued, therefore, that the sensations of warmth and tickle constitute 
pleasantness and of pain unpleasantness. They may induce, but are not 
themselves, affect. 

The reports of the patients with hyperalgesia are concerned primarily 
with changes in the character of sensation; the pain is more intense, more 
burning, more diffuse on the affected than on the normal side. The reports 
concerning the changes in sensations of warmth may be similarly inter- 
preted. The abnormality is primarily in the nature of the cutaneous sensa- 
tions. They are intensified, rendered more diffuse and persistent. Such 
pathological sensations are no more to be identified with affect than are 
normal ones. Their association with nervous lesions does not provide evi- 
dence for a specific affective center, but only shows that the affective 
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reaction, whatever be its nature, is more intense for sensations of patho- 
logical quality or intensity. 

We may question, then, whether the reported observations on clinical 
cases with thalamic lesions are in any way relevant to the question of 
the existence of an affective center in the thalamus. Not only are there 
no general changes in affect produced by such lesions, but even for the 
limited group of somesthetic sensations we cannot be sure that the 
pathological disturbances are affective and not merely sensory. 


The Maintenance of Emotional Activity 


One of the most important psychological functions which has been 
ascribed to emotion is the maintenance of attitudes or of motivational 
tension. Current theories of psychopathology are based upon “unconscious 
emotional drives” and, in fact, the whole development of modern dynamic 
Psychology centers around such concepts. Perhaps there is no need to 
assume an extraneous “drive” to account for perseveration of behavior 
or of hysterical symptoms, but the persistence of activity in the absence 
of environmental stimuli is one of. the major problems of physiological 
Psychology and is characteristic of much behavior called emotional. Does 
the thalamus provide a mechanism for this dynamic function? 

Theories proposed to account for persistent behavior have assumed the 
maintenance of activity, either by circular reflexes (22), by persistent 
endocrine stimulation of muscles with resultant sensory excitation, or by 
Some sort of reverberation of tonic excitation within the central nervous 
System (14). Presumably, if the dynamic aspects of emotion derive from 
the thalamus, the nucleus there must maintain excitation, either by initiat- 
Mg circular reflexes, or by its own internal activity. Lacking direct evi- 

ence for such activity, we can only inquire whether the release of the 
alamic emotional center from cortical inhibition increases the duration 
4S well as the excitability of emotional response. 
he Persistence of Emotional Expression. Bard (1, 2) has reported 
that there is practically no after-discharge in the sham rage of the de- 
Sorticate animal. The reaction continues so long as the irritating stimulus 
'S applied, but stops immediately with the termination of the stimulus. 
Tom his descriptions fear and sexual reactions seem to persist somewhat 
eyond the stimulus, but not apparently longer than in normal animals. 
equivocal data are not available concerning the duration of emotional 
!Sturbance in normal cats. In the rat, with which I am more familiar, the 
Si effects of a fight may persist and render the animal unsafe to handle 
. Several hours, and it is probable that similar persistence of emotional 
‘Sturbance can be demonstrated in the normal cat. There is apparently 
no indication of continued emotional reactions in decorticate animals 
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which corresponds to the persistent emotional upset which is so often seen 
in normals. There is thus no evidence that the thalamus serves as a reser- 
voir of emotional tension or contributes in any way to the motivational 
aspects of emotional behavior. 

Restlessness. Restless pacing is a characteristic of many decorticate 
animals. Although it might be taken as evidence for some subcortical 
driving mechanism, it can also be explained in terms of the general in- 
crease in excitability of lower centers after decortication and in itself does 
not constitute evidence for a specific dynamic center in the thalamus, 
any more than do the contractures of hemiplegia, or the stepping move- 
ments of a low spinal preparation. This applies also to the excitement and 
restlessness in cases of frontal lobe injury. Some tendency to maintain 
activity once initiated may be considered as characteristic of all central 
nervous function (8). There is certainly no evidence that it is more char- 
acteristic of the thalamus than of other regions. 


Summary 


Among the variety of phenomena which have been included under the 
topic of emotion are (a) a supposedly unique experience, (b) the hypo- 
thetical impulsions and drives which make man the neurotic animal, and 
(c) such bodily activities as are not directly orienting, locomotor, manipu- 
lative, digestive, or linguistic. A review of the evidence fails to reveal 
participation of the thalamus in any but the third of these classes. The 
thalamus contains centers in which some, at least, of the patterns of 
expressive movement are integrated. These, however, must be regarded 
as strictly motor centers, since the evidence for dissociation of expression 
from emotion, which has been advanced against the James-Lange theory. 
is equally applicable to show that the thalamic centers for expression 
cannot contribute the quality of emotion. 

The supposed evidence that the thalamus adds the affective or emo- 
tional character to sensations breaks down completely when subjected to 
critical analysis. The affective changes resulting from thalamic lesions are 
restricted to a small group of somesthetic sensations and cannot be inter- 
preted as a general change in affectivity. The changes correlate definitely 
with the special properties of conduction, summation, and irradiation of 
this group of sensory processes and not at all with a specific locus in 
the thalamus. The pathological changes following thalamic lesions are 
primarily in the character of the sensations, in intensity, duration, locali- 
zation, and are therefore not relevant to the problem of affect, There is 
no evidence whatever that the thalamus contributes facilitative impulses 
which might form a basis for the motivational aspects of emotion. Thus, 
the only part of the thalamic theory of emotion which has factual sup- 
port is the localization of motor centers for emotional expression within 
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the hypothalamus. It seems certain that these motor centers do not con- 
tribute directly to other aspects of emotion and there is no evidence for 
the existence of other affective or emotional centers. 
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ec. CONDITIONAL REACTIONS IN 
THE RAT’ 


Borovski (1, 2) has reported experiments in which he attempted to 
establish in the rat a differential reaction to two stimulus objects so 
arranged that the direction or sense of reaction should be determined by 
an additional variable in the situation. He used two discrimination boxes 
connected in series. The same stimuli were presented in both boxes, but 
With their reaction-value reversed in association with other stimuli. In one 
experiment a triangular and a circular hole, through which the animals 
crawled, served as stimuli, and the rats were required to choose the circle 
if the ground surrounding the figures were white, the triangle, if the ground 
were black. The rats failed this problem. In a second experiment the 
animals were trained to choose the larger of two circular openings and 
the smaller of two triangular, the attempt being to make the positive or 
Negative reaction to size conditional upon the form of the objects. This 
Problem was apparently learned. 

The experiments were reported only briefly and criticism may be wide 
of the mark, but for the second experiment no evidence was given that 
the animals were reacting to the same cues, that is, to the comparative 
Size of the openings, under the two conditions. In view of the defects of 
the apparatus used, as revealed by the discussions of Munn (6, 7) and 
of Fields (3), and of the failure of the animals where the figures were 

€pt constant on a variable ground, it seems probable that in the second 
experiment the animals were responding to entirely different cues in the 

VO situations, with no identification of the common factor of size; that 

ere was no genuine reversal of the sense of reaction but only the for- 
mation of two independent habits based upon differences in the partial 
Orms of the stimuli. 

‚To demonstrate a reversal of reaction, conditional upon some additional 
stimulus, it will be necessary to show, first, that the stimuli in the two 
Situations are equivalent for the animal and, second, that after the 
reversal of response has been established the animal is still reacting to 
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the same properties of the differentiating stimulus under the two con- 
ditions. 

The experiments reported below were designed to meet these require- 
ments and to test the ability of the rat to change the sense of reaction 
to one pair of stimuli in accordance with the presence of one or another 
additional stimulus. This task requires only the association of the direction 
of reaction to specific stimuli with the modifying conditions. A further 
series of tests was carried through to see whether or not continued train- 
ing in a variety of such specific tasks might lead the animals to a further 
generalization, dissociated from the specific character of the stimuli. This 
generalization would take the verbal form “any stimulus which is correct 
in situation A is incorrect in situation B.” 


Establishment of a Conditional Reaction 


Three rats were trained with the “jumping” technique to choose an 
erect and avoid an inverted equilateral triangle on a black ground (Fig. 
22.1). When a criterion of 20 successive errorless trials had been reached, 


NA Eni 


Fig. 22.1. Fig. 22.2. 


similar triangles on a ground horizontally striped with alternate black and 
white lines, 8 mm. in width, were presented (Fig. 22.2). With these the 
animals were first given 20 critical trials, that is, trials in which they 
were allowed to reach food, irrespective of the figure chosen, to determine 
whether the figures on the striated ground were equivalent to the training 
figures. All animals chose the erect triangle (originally positive) in at 
least 18 of the 20 trials. É 

With the figures on striped ground they were next trained to choose the 
inverted triangle and avoid the erect, a reversal of the original training. 
When they reached the criterion, the figures on the black ground were 
again presented and training again reversed. This alternate training with 
the black and striped grounds was continued until immediate reversal, 
with no more than one error in 20 successive trials, was obtained with 
each change of ground. The successive training scores are shown in Table 
22.1. The figures are for trials preceding the criterion of 20 without error, 
and for the numbers of trials in which the animals chose the negative 
stimulus one or more times, each such trial being counted as one error. 
Next the animals were each given 20 trials in which the black and striped 
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Table 22.1. Record of Training and Tests to Establish Reversal of Response to 
Figures, in Accord with the Character of the Ground 


Animal 1 Animal 2 Animal 3 
Ground and figure Trials Errors Trials Errors Trials Errors 
Black ground, erect triangle + 40 8 40 17 70 12 


Striped ground, inverted tri- 
angle + 


Black ground, erect triangle + 0 0 7 1 3 
Striped ground, inverted tri- 

angle + 8 5 30 5 97 5 
Same, new cards, wider stripes 40 17 6 1 20 4 
Black ground, erect triangle + 0 0 0 0 0 0 
Striped ground, inverted tri- 

angle + 7 2 o 0 t d 
Black ground, erect triangle + 2 1 0 0 0 0 
Striped ground, inverted tri- 

angle + 3 1 0 0 2 1 
Errors in 20 trials, grounds 

alternated 1 ae 0 as 3 


eee 


grounds were presented in alternate trials, to control the possibility that 
they had merely learned to continue a successful mode of reaction 
throughout a set of trials. The numbers of errors made in this test are also 
Siven in Table 22.1. 

The first reversal of training involved many more trials and errors than 
had the original training. With the next change of ground, selection of 
the erect triangle on black ground was immediate by all animals, the 
Single errors made by two animals following 6 and 2 positive responses to 
the erect triangle. The next reversal with striated ground required brief 
retraining, 

At this point new cards with 1.4 cm. horizontal striations were substi- 
tuted for the original striated cards, to avoid the chance of continued 
training to some secondary cue. All the animals were slightly disturbed 
by this change but relearned quickly. The broad and narrow stripes were 
used indiscriminately in later tests. 

. After 5 to 8 reversals of training the animals all reversed their reactions 
immediately with the changes in the ground. With the grounds changed 
in alternate trials they then made an average of 1.3 errors in 20 trials. In 
subsequent experiments to determine the effective stimuli, tests with the 
Situations alternated in successive trials were usually carried out between 
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series of critical trials with other test figures. A total of 260 additional 
trials with the grounds alternated in successive trials was obtained from 
the three animals. In these they made a total of 17 errors, or 94 per cent 
correct. 


much practice as had the original training. Numerous experiments have 
shown that, with nonequivalent figures, training on one problem somewhat 


facilitates learning of a second. There was, then, an interference between 
the two habits. 


ground (occasionally with striated ground only when reaction to this 
situation had become unstable) followed immediately by 10 critical trials 
with new figures; on the next day 10 training and 10 critical trials. 

The results of these tests are summarized in Table 22.2. In only a few 
cases are the scores ambiguous. It is safe to accept a score below 20 or 
above 80 per cent as indicative of a definite choice and a score between 
40 and 60 per cent as chance? 

The frequent chance scores and a deliberate control of the experi- 
menter’s position and movements rule out rea 
The responses were certainly to some visual stimuli, Figure 22.7 bears 
the same arrangement of stripes as Fig. 22.2 and the chance scores with 


to special cues in the ground. 
Figures 22.3, 22,4, 29.19 (for one animal), and 22.14 were equivalent 


? In a series of critical trials, errors are most apt to be made in the first few trials of the 


series, and a score of 80 per cent in the first 20 trials is highly predictive of still greater 
accuracy, if the critical trials are continued, 
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Table 22.2. Scores in Critical Trials with Control Figures to Define the Basis 
of Reaction to the Figure in Relation to the Ground ° 


ss 


Animal no. 
Figure — 
no. Description 1 2 3 
Se 0000. 
Black ground, new cards 100 95 95 
Striped ground, new cards 0 0 10 
5-cm. triangles, black ground 100 95 100 
3 5-cm. triangles, striped ground 10 15 20 
10-cm. triangles, gray ground (50% white) 100 100 100 
4 Spotted ground 10 20 15 
5 Encircled triangles 50 50 95 
6 Striped triangles, black ground 100 75 100 
T Black triangles, striped ground 60 50 50 
8 Vertical stripes in ground 50 50 50 
9 Outlines, striped ground Bor 5 50 
10 One broad stripe in ground 100 70 100 
11 Second stripe below 80 50 80 
12 Second stripe above siia 40 0 
13 Four stripes ss 50 0 
14 Five stripes 10 0 0 


° Scores are given as percentage of 20 critical trials in which the erect triangle was chosen. 


to triangles on striated ground. In them there is no common figure formed 
by the intersection of the lines in the ground with the triangles. The pos- 


, as several 
horizontal lines were required for reversal. Since past experience has 


shown the difficulty of defining the adequate stimulus more precisely 
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than has been done here, and since the main object of the experiment had 
been accomplished, no further tests of this character were carried out. 


Failure in Generalization of a “Second Order” 


The next experiments were undertaken in an effort to generalize the 
reaction from the specific figures (triangles) so that a spontaneous re- 
versal of reaction might be given with any new pair of figures, learned 
on black ground, when they were first placed on striated ground. To this 


OO =2 


Fig. 22.15 Fig. 22.16 
= 

A 

Fig. 22.17 Fig. 22 .18 

Fig. 22.19 Fig. 22.20 
— 
mn 
% B —— 
nn, 

Fig. 22.24 Fig. 22.22 


end the training, successive reversals, and final tests with black and 
Striped ground in alternate trials, described in the experiments with tri- 
angles, were repeated with the four additional pairs of figures shown in 
Figs. 22.15 to 22.22, Rat number 1 failed to reach the criterion of im- 
mediate reversal with change of ground after 750 trials with the circles 
and was dropped from the experiment. . . . 

The first of these problems, to choose the larger of two circles (Fig. 
22.15), was learned quickly by . . . [the two remaining] animals. The 
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same figures on striped ground (Fig. 22.16) were not equivalent, how- 
ever, and reversal of the reaction took an inordinate amount of training. 
The failure of transfer might have been predicted from earlier experi- 
ments on discrimination of size, in which the great importance of total 
white area irrespective of its form was demonstrated.* 

The problem, cross vs. X (Figs. 22.17 and 22.18), was learned quickly. 
Number 2 in critical trials and subsequent training with striped ground 
came near to spontaneous’ reversal which, however, was never repeated. 
The score on the third problem (Figs. 22.19 and 22.20) was much like 
that with the original triangles, except that the equivalence tests showed 
less accurate transfer. In the fourth problem, star vs. square (Figs. 22.21 
and 22.22), both animals required so much training either for initial 
learning or for reversal that it seemed fruitless to continue the experiment, 
which had already extended over nine months. 

The animals were next returned to the original problem of triangles on 
black ground. They relearned this quickly, but reversal with striped 
ground consumed scarcely less training than the original score. Accuracy 
in alternate trials with the two situations was less than in the original 


Table 22.3. Summary of Training Scores ° 


a ——$— WEEESSSEEE 


First training, First training, Total errors 
black ground striped ground before 
— — immediate 
Stimuli Trials Errors Trials Errors reversal 
Triangles 55 14.5 165 52 75 
Circles 50 13.5 305 113 179.5 
Cross and X 65 18.5 91 32 52 
Circle and bar 17 75 100 42 54 
Star and square 155 53 200 96+ failed 
Triangles (repeated) 15 4 97 25 
Triangles (vertical 
stripes ) 84 24 
° The a’ 


erage scores of numbers 2 and 3 are given. 


experiment and was not improved above 90 per cent with an additional 
100 trials of training. The animals were retrained with triangles on black 
ground, then trained for reversal of reaction to inverted triangle on verti- 
cal stripes (Fig. 22.8). Even with this condition, closely resembling the 
reversal with horizontal stripes, the learning scores were high. 


3 Because of this slow reversal I have trained four animals in discrimination between 
the two circles on striped ground as an initial problem. None had improved above a chance 
score in 150 trials. Evidently the discrimination is inherently difficult and the poor training 
scores have no especial significance in the present experiment. 
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Finally the rats were again given a series of critical trials with the re- 
maining pairs of figures, circles, cross vs. X, etc., on black and striated 
grounds. With all of the figures on black ground, they showed good re- 
tention of the reaction, but failed to reverse their reactions with the figures 
on striations 

Table 22.3 summarizes the training data on the various problems, 
giving the numbers of trials and errors for initial learning of the figures 
on black ground and for the first reversal of training with striped ground; 
also the total number of errors before immediate reversal of reaction with 
change of ground was obtained. Although there is some downward trend 
of the figures until the fifth problem, there is no indication that the long 
training had produced any tendency of the animals to reverse the sense 
of reaction directly when a new pair of figures was presented for the 
first time on striped ground, or even that the rate of reversal under 
training had been significantly modified. 


Discussion 


In a previous study (5) I reported briefly several experiments involv- 
ing the same principle as the present one and giving only negative results. 
In one of those experiments three stimulus cards were arranged so that 
the animal must choose between the two laterally placed cards which bore 
different patterns and of these must choose the one like the pattern on the 
middle card. After a few jumps to the middle card, always resulting in a 
fall, the animals seemed to pay no further attention to it and did not 
improve above chance after 200 trials of training. The same result fol- 
lowed when the card to be matched was placed above or below the 
dividing line between the two cards to be discriminated. 

In another experiment the rats were trained with apparatus presenting 
three stimulus cards of which two bore identical patterns and the third 
a different one, as two circles and a cross. The animals were required to 
choose the unique figure (cross) and to avoid the two alike (circles), 
When this was learned, training was reversed; to choose one circle and 
avoid either of two crosses. Some animals were carried through as many 
as 10 reversals of training in the effort to get them to choose whichever 
of the two figures, cross or circle, was not duplicated. No animal ever 
reversed his reaction spontaneously when the situation was changed and, 
in fact, each successive reversal required more training than the pre- 
ceding, until the animals finally fixed upon one of the stimulus cards or 
developed a position habit which could not be broken by further training. 

The failure of these former experiments and the success of the present 
ones in establishing a discriminative reaction conditional upon an added 
variable are to be understood in terms of the specific situations involved. 
In the experiment requiring matching, the card to be matched had not 
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the same significance for reaction as the stimulus cards (something to be 
jumped against) and thus came to be disregarded, as are visual patterns 
in the Yerkes box. In the experiment requiring the selection of one figure 
vs. two alike, the conditioning factor (duplication) was also dissociated 
from the immediate situation involved in discrimination. The animals 
could learn to choose the cross and avoid either of the two circles, but 
the factor of duplication was not a part of the stimulus reacted to in 
jumping. In the present experiments the connection of figure and ground 
is sufficiently close to permit of a ready association between the differ- 
entiating and reversing factors. 

The different results of these experiments might lead to the conclusion 
that the conditional reaction really consists of two independent discrimi- 
nation habits based upon the total stimulus patterns (positive to the pat- 
tern formed by the inverted triangle and stripes, etc.), thus avoiding any 
implication of a reversal in the sense of reaction. So interpreted, the be- 
havior would involve no different problem from that presented by the 
formation of discrimination habits between any two pairs of unrelated 
stimuli. The problem is certainly not so simple, however. In all the tests 
the only differentiating features for the black and striated grounds are the 
figures, which are ordinarily differentiated from the ground by the rat as 
by the human subject. Except for the circles, the figures were identified at 
first in the two situations. In the final review of the problems the original 
responses to the figure on black ground were retained whereas the re- 
sponses to the striped ground were lost and the figures in the two situa- 
tions again identified. It seems quite certain that the figures retained their 
differentiating character and were not simply blended into two inde- 
pendent total patterns. 

Further, there is adequate evidence (4, 5) that the discrimination of 
circles of unequal size involves a relational basis of response and is not 
reduced to an absolute basis within the limits of training of the present 
experiments. For the circles, the reaction with either ground is based 
upon the relation, A > B, and the response to this relation changes with 
the character of the ground. Since we must assume a reversal in the sense 
of reaction for this one case, there is no reason to consider that the other 
tests involve a different principle. 

In an earlier experiment (5) I trained rats with a three-door appara- 
tus to choose a cross and avoid either of two triangles, to choose a circle 
and avoid either of two crosses, and so through as many as 10 problems. 
In neither that nor the present experiment was there any indication that 
the animals could derive the general principle from the series of specific 
instances. Although the time spent in training was relatively great, the 
actual number of specific situations from which the general principle 
might be derived was small, so that failure in the tests is by no means 
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proof that the rat cannot form such generalized responses. In order to 
increase the number of specific instances and still bring them within the 
life span of the rat, however, the rate of learning would have greatly to 
exceed that observed in the present experiments. Other instances of 
reversed training have not shown a lesser interference of opposed habits, 
so it seems unlikely that any modification of the present type of experi- 
ment can give positive results. 

The results in the different attempts to establish conditional reactions 
show that what seem minor variations in the training situation may de- 
termine success or failure in the problem, and it may be that the effec- 
tiveness of the specific instance in pointing to the general principle may 
be greatly increased by some variation in training technique. 


Summary 


Rats were trained to choose one member of a pair of figures exposed 
on a black ground, then to choose the other member of the pair exposed 
on a striated ground. They eventually learned to give the appropriate re- 
action immediately on change of the ground. Evidence is presented which 
indicates that the response was in each case to the original figures, con- 
ditional upon the character of the ground, rather than to total undiffer- 
entiated patterns. 

Successive training in five such problems failed to establish a general- 
ized reaction, involving a spontaneous reversal of response with new 
figures, or even to show any improvement in the rate of learning to reverse 
the response. 
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es. EXPERIMENTAL ANALYSIS OF 
INSTINCTIVE BEHAVIOR’ 


Some of the most remarkable observations in the literature of compara- 
tive psychology are reported in Kepner’s study of Microstoma (21). This 
creature, related to the more familiar planaria and liver flukes, is 
equipped with nematocysts or stinging cells like those of the hydroids, 
which it discharges in defense and in capture of prey. In discharging, 
the stinging cell evaginates a threadlike barbed tube through which a 
poison is ejected. The striking fact about the creature is that it does not 
grow its own weapons, but captures them from another microscopic 
animal, the fresh water polyp, Hydra. The Hydras are eaten and digested 
until their undischarged stinging cells lie free in the stomach of Micro- 
stoma. The nettles are then picked up by ameboid processes of the cells 
lining the stomach and passed through the wall into the mesoderm. 
Here they are again picked up by wandering tissue cells and carried to 
the skin. The stinging cells are elliptical sacks with elastic walls, which 
are turned in at one end as a long coiled tube. In discharging, the wall 
of the sack contracts and forces out the barbed poison tube, from one end 
of the sack. The nettle cell can therefore only fire in one direction. When 
the mesodermal cell carries the nettle to the surface, it turns around so 
as to aim the poison tube outward. It then grows a trigger, and sets the 
apparatus to fire on appropriate stimulation. 

When Microstoma has no stinging cells it captures and eats Hydras 
voraciously. When it gets a small supply of cells these are distributed 
uniformly over the surface of the body. As more cells are obtained they 
are interpolated at uniform intervals between those already present. 
When a certain concentration of the cells is reached, the worm loses its 
appetite for Hydras and, in fact, will starve to death rather than eat any 
more of the polyps, which are apparently not a food but only a source 
of weapons. 


1 eprrons’ Nore: From Psychol. Rev., 1938, 45, 445-471. Reproduced by permission of 
the American Psychological Association. From Harvard University, Presidential Address 
delivered before the New York meeting of the Eastern Psychological Association on April 2, 
1938. 
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Here, in the length of half a millimeter, are encompassed all of the 
major problems of dynamic psychology. There is a specific drive or 
appetite, satisfied only by a very indirect series of activities, with the 
satisfaction of the appetite dependent upon the concentration of nettles 
in the skin. 

There are recognition and selection of a specific object, through the 
sensory-motor activities of the animal. Later there is recognition of the 
undischarged stinging cell by the wandering tissue cells, and some sort 
of perception of its form, so that it may be aimed. The uniform distribu- 
tion of the nematocysts over the surface of the body is a splendid illus- 
tration of a gestalt, food for speculation concerning vectors and dynamic 
tensions. 

Actually the phenomena of growth so closely parallel those of be- 
havior, or rather behavior parallels growth, that it is impossible to draw a 
sharp line between them, and animistic theories of growth have been as 
numerous as mechanistic theories of behavior. Kepner, in fact, postu- 
lates a group mind among the cells of the body to account for the internal 
behavior of Microstoma, to me a reductio ad absurdum of mentalistic 
hypotheses, whether applied to worms or man. 

Nevertheless, the naturalistic literature contains many such descrip- 
tions, made by careful and accurate observers, of instinctive behavior so 
complex and precise in its execution that we can only stand aghast at 
the inadequacy of our concepts of its mechanism. Its genuine relevance 
to the problems of psychology is well illustrated by the classical defini- 
tion of instinct as the faculty which animals have instead of intellect 
which yet makes their behavior seem intelligent. 

I am well aware that instincts were banished from psychology some 
years ago, but that purge seems to have failed of its chief objective. The 
anti-instinct movement was aimed primarily at the postulation of imagi- 
nary forces as explanations of behavior. It was only incidental that these 
had also been assumed to be constitutional. The psychology of instincts 
was a dynamics of imaginary forces and the anti-instinct movement was 
primarily a crusade against such a conceptual dynamism. Somehow the 
argument got twisted. Heredity was made the scapegoat and the hypos- 
tatization of psychic energies goes merrily on. Desires and aversions, 
field forces and dynamic tensions, needs’and vectors, libidoes and means- 
end-readinesses have the same conceptual status as had the rejected in- 
stincts and, besides, lack the one tie to physiological reality which the 
Problem of genetic transmission gave to the latter. The anti-instinct 
movement was a critique of logical method which failed of effect because 
it was aimed at a single group of concepts. Its history is a striking ex- 
ample of the lack of transfer of training or the futility of formal discipline. 

Although the distinction of genetic and environmental influences has 
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little importance in many fields of psychology, it is of real significance 
for problems of the physiological basis of behavior. This is true because 
information concerning the mechanics of development and the histologi- 
cal organization produced by growth is far more exact than any avail- 
able data concerning the changes produced by learning. Fundamental 
principles of neural integration may be inferred from innate structure 
and the behavior dependent upon it. The plasticity and variability of 
learned behavior precludes any similar correlations with structural 
patterns. 

In spite of a vast literature, there have been few systematic attempts 
to carry the study of instincts beyond the descriptive stage. Physiologists 
have been preoccupied with the mechanism of the spinal reflex and 
students of behavior either have been content to consider instincts as 
constellations of reflexes clustering around external stimuli or have ne- 
glected this side of the problem entirely and, like yon Bechterew (4), 
considered instinct as synonymous with motivation. There are actually 
two problems here, whose mutual relations are by no means solved. On 
the one hand are the more or less precise reactions to definite objects. 
The primiparous female rat gathers paper or other material and con- 
structs a crude nest, cleans her young of the foetal membranes, re- 
trieves the young to a definite locality, distinguishing them often from 
quite similar objects, assumes a nursing posture, and the like. These are 
reactions to specific stimuli. The problems which they suggest are those 
of neural integration: the nature of the stimulus which elicits the response, 
the pattern of motor activities by which a given result is achieved and, 
ultimately, the neurophysiology of the behavior. 

In contrast to these precise sensory-motor adjustments is the activity 
which can only be described as reaction to a deficit. The restless running 
about of the mother rat deprived of her litter, the homing of the pigeon, 
or the inhibition of feeding responses in the chick removed from com- 
panions presents an entirely different system of reactions from those 
exhibited in the presence of litter, nest, or companions. This reaction to 
deprivation of some stimulus presents the typical problem of motivation. 

For brevity I shall speak of the specific sensory-motor reactions, such 
as the spider’s construction of a web or the courtship display of birds, as 
the instinctive pattern, in contrast to the deficit reactions, The distinction 
is not always clear. When the hummingbird builds a nest she reacts 
specifically to lichens and fibrous material but the building to a definite 
form also suggests reaction to a deficit. The distinction is not a classifi- 
cation of activities but a suggestion of two different problems, reaction 
to an obvious stimulus and reaction in a situation where there is no 
external stimulus, or at least none as yet discovered, which is adequate 
to account for the observed behavior. 
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In many instinctive activities a further problem arises from the periodic 
appearance of both the mechanism and the deficit reaction. The migration 
of fishes, the seasonal nesting of birds, the receptivity of the female rat 
during oestrus, all such periodic variations in responsiveness raise the 
problem of the causes of variation in the excitability of the sensory-motor 
mechanism and of the reaction to deficit. I shall designate this as the 
problem of activation of the instinct. 

For a number of years we have been trying to discover the mechanisms 
underlying the reproductive behavior of animals. This activity was 
chosen for study because it presents the most precise instinctive behavior 
of mammals which can be brought under laboratory observation and 
because it exhibits a wide variety of problems, both of integrated be- 
havior and of motivation. The work has developed in several directions. 
I shall summarize the results and attempt to relate them to some of the 
more general problems of the mechanism of behavior. 


Innate Components of Sensory Organization 


The majority of studies of instinct have dealt with the motor aspects 
of behavior or with the products achieved. The honey-dance of the bee 
(14, 15), the nest of the oriole, the elaborate procedure by which the 
spider spaces the radial strands of the web (29) are so striking as to 
attract attention away from the problem of the sensory control of the 
behavior. The general outcome of such studies is familiar. The end at- 
tained, the web, the nest, is fairly constant and characteristic of the 
Species, The series of acts by which it is constructed varies with every 
new element in the environment. Such stereotyped results attained by 
diverse means have formed the excuse for interpretations of instinct in 
terms of purpose or entelechy. 

Granting the facts, there is still an alternative to such finalistic specula- 
tions, which are meaningless to those of us who ask how the result is 
attained. The apparent working toward a goal, which cannot be foreseen, 
is very difficult to express in terms of a motor mechanism, since the motor 
activities are variable and therefore cannot be interpreted as a prede- 
termined sequence, run off automatically like an automatized habit. This 
variability in motor activity compels a search for some controlling factor 
and this might lie in the characteristics of the animal’s perceptual or- 
ganization. It is possible that the nest, or other product of activity, pre- 
Sents a sensory pattern which is “closed” for the animal, in the sense in 
which this term has been applied to visually perceived forms. The nest 
might then be built by somewhat random activity, modified until it 
presents a satisfactory sensory pattern. 

With this possibility in mind, a number of our experiments have been 
directed toward a descriptive analysis of the animal’s sensory organiza- 
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tion, when there has been no opportunity for modification by learning. 
The visual system is best adapted for such studies. Anatomically the 
system is very complexly organized, with the different parts of the retina 
projected with great accuracy upon the optic lobes or visual cortex (23). 
We have evidence that this precise anatomic pattern develops normally 
in the absence of any photic stimulation. Structurally it is probably the 
most elaborate portion of the nervous system so that, if anatomic differ- 
entiation has any functional significance, we should expect to find some 
innate functional organization in the visual system. 

Studying the first visual reactions of rats reared to adulthood in total 
darkness, Hebb (18, 19) has found that the animals respond immediately 
to objects, as contrasted with background. Something of figure-ground 
organization is immediately given. They learn readily a differential reac- 
tion to figures which cannot be explored in any way except visually. 
This means that the figures must be distinguished visually before associa- 
tion with motor reactions can occur. The animals show transposition for 
size and brightness when they have experienced only two absolute units 
in the series, This demands the immediate perception of relational 
properties. 

Russell and I (25) have found that rats reared in darkness show an 
accurate discrimination of visual distance and, without training, regulate 
the force of jumping to the distance to be crossed. This involves a direct 
control of motor activity through some innate sensory organization. 

These experimental results are in accord with the most careful studies 
of the congenitally blind children who have had vision restored suddenly 
(35). So far as one can interpret the literature, these children distinguish 
figure from ground, distinguish objects as of different shapes, although 
they are unable to describe them, and have also some perception of 
distance. 

In a series of experiments on discrimination of visual patterns I have 
found that the general characteristics of the figure-ground relation, as 
worked out by Rubin (34) and Wertheimer (49) for man, apply also to 
the rat. The evidence also points to the conclusion that the formation of 
the discrimination habit depends upon a perception of relations which 
is prior to the learning process. When a pair of stimuli is presented, one 
with positive, the other with negative reinforcement, the positive or 
negative reactions are associated only with that property of each stimulus 
which differentiates it from the other. A couple of experiments will illus- 
trate the nature of the evidence. A group of animals was trained for 150 
trials to choose an 8-cm. circle opposed to a black card; another group 
to choose a 5-cm. circle under the same conditions. All were then trained 
to choose the 8-cm. circle when opposed to the 5-cm. The previous train- 

ing had no effect whatever upon the learning scores with the pair of 
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figures. The property of size was not associated with the reaction so long 
as the object was alone. The same result is obtained when animals are 
trained with a single figure and tested for recognition of its form. 

If an animal is trained to choose the larger of two circles he will spon- 
taneously choose the larger of any pair of figures. The reaction is not 
differentiated for form. If he is trained with two different forms, he is 
undisturbed by wide variations in the size of the figures. So, in every 
discrimination habit the response is not to a specific pattern but to some 
property which distinguishes the two figures and which must be differ- 
entiated before the motor responses can be associated with it. Further- 
more, when the nature of these differentiating properties is tested, they 
turn out to be relational: relative size, relative direction, proportions, and 
the like. Such evidence, I believe, disposes of the theory that reactions to 
liation of conditioned reactions to 


relational properties are due to irra 
absolute properties. 

These lines of evidence from the animal work support the conclusion 
already reached by the members of the Gestalt school, that the funda- 
mental organization in perception is innate. And this organization has 
very definite characteristics, a preference, as it were, for certain specific 
arrangements of the physical elements of the stimulus. 


Motor Action Based on Perceptual Organization 


In only one of these observations is there a predetermined motor 
response; that is the regulation of the force of jumping to the distance 
seen, It is not necessary, however, that specific motor responses be di- 
rectly elicited by the sensory organization, in order that the latter should 
be effective in directing the form of activity. Once motor reactions are 
associated with some aspects of the stimulus, or with an equivalent stimu- 
lus, the innate organization may exercise a selective action upon the 
various associated reactions. Thus the fluctuations of the staircase illu- 
sion may determine alternative associated motor responses, which have 
been built up by experience with three-dimensional situations and which 
themselves are certainly not responsible for the fluctuations of the 
illusion. Innate perceptual organization might similarly exercise a selec- 
tive influence among motor activities not innately associated with the 
objects eliciting the reactions. 

There is good evidence that animals without previous experience may 
give specific reactions to biologically significant objects and that the 
recognition or discrimination of these objects may be quite precise. I 
became interested in this problem first through observations on the 
brooding of the sooty terns. If these birds were given eggs of a related 
species to hatch they would invariably reject the foster children within 
a short time after hatching, throwing the chicks out of the nest and 
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sometimes killing them. Strange chicks of their own species were ac- 
cepted during the first few days of brooding. The chicks of the two 
species did not differ greatly in appearance, yet the discrimination was 
certain. I was unable to discover the sensory basis of the reaction, beyond 
getting indications that it depended upon a complex of stimuli, not wholly 
visual. The history of these birds was of course unknown but the number 
of individuals observed, considered in relation to the death rate of the 
colony, made it certain that some at least were dealing with their first 
brood. 

Later Stone took up a similar problem, that of sex recognition, under 
conditions where the history of the animals and the patterns of sensory 
stimulation could be controlled. His studies of the effective stimulus to 
sexual activity are the most thorough available. More recently Borovski 
(7) has reported observations on the recognition of their eggs by gulls 
and Beach has completed a number of experiments dealing with the 
sensory control of the rat’s reactions to her young. Although the adequate 
stimulus has in no case been completely defined, certain important general 
principles have come out of these studies. 

When we first began work in the field it seemed probable that the 
exciting stimulus would turn out to be simple—an odor, a localized tactile 
stimulus such as that which induces the clasping reflex in the frog, or the 
like, and that this would initiate a chain of precise reflexes. Sensory con- 
trols have made this hypothesis seem untenable. Vision, olfaction, audi- 
tion, tactile sensitivity of the snout and vibrissae, of the paws or skin of 
the ventral surface can be eliminated singly without preventing the ap- 
pearance of normal patterns of reaction when the stimulus object is first 
presented. The arousal of sexual excitement by the female in heat or the 
cleaning and first retrieving of the young is not dependent upon excitation 
through any one sense modality. The results of the experiments parallel 
those dealing with the performance of the maze habit, which is little if 
at all disturbed by the elimination of any single sense modality. Even the 
elimination of several sensory paths together may not interfere with the 
reaction. Thus in a familiar experiment Stone (38) observed copulatory 
activity in a male, reared in isolation, and with vision, olfaction, and tactile 
sensitivity of the vibrissae and ventral skin eliminated. Similar results have 
been obtained by Beach in reactions of females to their young. 

These results indicate either that we have missed some simple cue, 
through inadequacy of technique, or that the same pattern of instinctive 
behavior may be initiated through different sense modalities and patterns 
of stimuli. Swann’s studies of olfactory discrimination (44) showed that 
a remnant of the olfactory bulb too small to be identified by gross dis- 

section may mediate olfactory discrimination. This fact might be urged 
against Stone’s conclusions, but Beach has confirmed Stone’s observations 
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with animals in which complete destruction of the olfactory bulbs was 
verified by histological examination. Like sources of error are improbable 
in experiments dealing with other sense modalities. Beach finds that de- 
sensitizing the lips and snout by section of the sensory root of the fifth 
nerve interferes with the retrieving of young by the female, but it inter- 
feres also with the finding and picking up of food, so that this operative 
control is inconclusive. 

The experiments based on sense privation thus point to the conclusion 
that the exciting stimulus in instinctive recognition of mate or young is 
not mediated exclusively by any one sense modality. 

A second experimental method for analysis of the adequate stimulus 
has consisted of the successive elimination of properties of the stimulus 
object in an effort to determine the minimal characters which will elicit 
the normal pattern of response. Two points have come out clearly in this 
work. The first is that a wide range of variation in any property of the 
stimulus is possible, without destroying its effectiveness. 

Borovski (7) found that gulls would retrieve eggs to their nests from 
some distance. He substituted other things for the eggs. The birds re- 
trieved objects of various sizes, weights, textures, and specific heats, 
ranging from small pebbles to potatoes and billiard balls. But any marked 
departure from a rounded or oval form led to rejection of the substitute. 
Cubes, angular stones, and the like were not retrieved. Texture also 
seemed important, since mudballs were rejected. I have observed that 
the terns are greatly disturbed by a lump of mud or wax stuck on an egg 
and distorting its form, although painting or dyeing the eggs in variegated 
colors is without effect. The adequate stimulus of the egg may thus be 
defined as a rounded object of certain limited size and texture, and this, 
in the setting of the nest, elicits specific retrieving, cleaning, and brooding 
behavior, 

Stone (37) could define the stimulus to sexual excitement in the male 
rat only as an object within certain limits of size, exhibiting a definite 
jerking movement. The analysis of the female’s recognition of her young 
is still less complete, but size and surface texture seem to provide the chief 
cues by which the young are identified. 

Thus far no investigator has found any single property of the stimulus 
object which cannot be varied within limits without disrupting the re- 
action. The stimulus is not a single characteristic color or odor, but seems 
to be a pattern, having the same characteristics of organization which we 
have found in studies of visual discrimination of objects. The complete 
analysis of sensory control of reactions to the mate or young seems scarcely 
less difficult than the problem of sensory control of homing has proved 
to be. The experiments thus far carried out have scarcely done more than 
emphasize the need for exhaustive studies in the field. 


380 THE NEUROPSYCHOLOGY OF LASHLEY 


It is really imperative that we make a serious effort to define the ade- 
quate stimulus, not only in studies of instinct but equally in studies of 
reflexes and of learning. Psychological theories based upon the relations 
of stimulus and response remain sheer nonsense so long as the stimulus is 
defined only as whatever the experimenter puts in front of the animal. 
We have gone far enough in this work to be sure that the animal rarely 
reacts to what the experimenter regards as the stimulus. In any complex 
situation the true basis of reaction can be discovered only by systematic 
variation of all the parts and properties of the supposed stimulus. 

The second point of significance revealed by studies of the stimulus to 
instinctive behavior is that the effective properties of the stimulus vary 
with the total situation. The primiparous mother rat will retrieve a 
number of objects having some resemblance to infants, selecting them 
from among food objects and nest materials. Temperature, odor, shape, 
color, surface texture, brightness and size may be somewhat altered 
without interfering with retrieving. But in the nest the subsequent be- 
havior toward the objects varies with their character, The mother may 
start to lick a stuffed skin which she has retrieved and discover the 
stitches in it. She promptly pulls at these, soon removes the sawdust and 
discards the skin. The nest situation plus the retrieved object calls out 
new responses and if the sensory pattern of the substitute stimulus does 
not conform to the requirements of this total situation, the normal course 
of behavior is disrupted. I have observed that the sooty tern is stimulated 
to assume the brooding posture by the contact of a chick under the breast 
but the reaction is only momentary unless the bird is on its own familiar 
nest, 

The accumulated observations suggest that the instinctive behavior is 
dependent upon a complex of stimuli. Some of the reactions are elicited 
only by the total integrated pattern. Others may be aroused by single 
elements of the stimulus and interfering reactions are likely to be excited 
when the stimulus has abnormal traits which themselves elicit other in- 
stinctive or habitual responses, 

Such an interplay of specific sensory demands may well form the basis 
of apparently purposive activities. The nest of the rat is a very primitive 
affair in comparison with the structures built by many animals. Kinder 
(22) found that animals which had had no previous experience with any 
nests materials collected material as promptly and built nests indistinguish- 
able from those constructed by experienced animals, Sturman-Hulbe (43) 
found little evidence of a basis for selection of materials beyond ease of 
manipulation and, possibly, specific heat. The range of materials tested 
was slight, however. 

The actual construction of the nest, that is, the determination of its 
form, seems to meet the requirements of low heat conductivity under- 
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neath, contact with the body at the sides, and, less consistently, exclusion 
of light. The arrangement of optimal conditions in these three respects 
dictates the form of the nest. The combination of sensory factors is fairly 
clear and is consistent with the hypothesis of perceptual control that I 
have suggested. That they are in any sense relational or involve any per- 
ception of form is doubtful, in the case of the rat, however. 

The available evidence is not sufficient to establish the thesis that the 
perceptual organization of the animal determines the goal of behavior but 
the studies of the rat do suggest control by a complex sensory pattern. 
What the situation is in the case of more elaborate construction, such as 
the nests of the weaver birds, can only be determined by actual analysis 
of the process of construction. 


The Distinction of Reflex and Instinct 

The changes in the character of the responses and in the nature of the 
adequate stimulus under different environmental conditions, for example, 
the cleaning of the young in the nest and not during retrieving and the 
like, are, in a sense, a confirmation of the chain-reflex theory of instinct. 
It is true that the instinctive behavior creates situations which in turn 
Serve as stimuli to further activities. To dismiss the activity as reflex is, 
however, to ignore its characteristic features. 

Many writers have attempted to differentiate between reflex and 
instinct, but the final criterion has been only a vague difference in com- 
plexity. Our conception of the nature of reflex is derived largely from 
avoiding reactions elicited by protopathic stimuli and from the muscle- 
shortening reflexes. These are elicited by a localized group of sensory 
endings. Locus, intensity, and modality of the stimulus are its determin- 
ing properties. In the contrast to this, sexual and maternal behavior seem 
chiefly determined by the pattern or organization of the stimulus, with 
locus of incidence upon the sensory surface or sense modality secondary. 
In this respect the instincts present the organismal problem as the reflexes 
do not. This difference in the nature of the adequate stimulus justifies, 
I believe, the retention of the term instinct to stress the importance of 
the problem of sensory organization. 


The Activation of the Sensory-motor System 

Many sensory-motor reactions are performed apparently as soon as the 
growth of essential nervous structures is completed. The pioneer studies 
of Herrick and Coghill (20) marked the way for the many later investi- 
gations correlating the appearance of early reflexes with the growth of 
nervous connections. In many of the early reflexes the mechanism is 
capable of functioning as soon as growth is completed. But there are, also, 
many activities which appear only at some interval after the completion 
of neuron growth. The work of Tilney and Casamajor (45) suggests that 
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the late appearance of some of the so-called delayed reflexes or instincts 
may be due to late myelinization of tracts, but the maturation of instinct 
as studied by Breed (8) and Bird (6) is probably due to a diversity of 
causes in which neural growth is less important than general development 
of muscular strength and control. 

Reproductive behavior presents a unique situation among instinctive 
activities in that it is delayed long after the development of the nervous 
system and is conditioned by the attainment of sexual maturity. Recent 
studies of hormonal activation of sexual behavior raise important problems, 
both of neural integration and of motivation. The work of Steinach (36), 
Stone (37), and a number of more recent investigators shows the de- 
pendence of the behavior of the male upon the testicular hormone. Many 
studies show the importance of endocrine products in the regulation of 
the oestrus cycle and the relation of the behavior of the female to this 
cycle. The experiments of Wiesner and Sheard (53), Riddle (31, 32), 
and others indicate something of the dependence of maternal behavior 
upon pituitary secretions. 

The interrelations of the hormones are complex and the literature upon 
this subject is vast. I shall not take time to review the evidence on the 
physiological action of the various hormones. More important for us who 
are interested in behavior than the details of the biochemistry and inter- 
action of the endocrine products is the question of how they act to induce 
the appearance of specific patterns of behavior. The introduction of male 
hormone into the blood stream somehow sensitizes the animal to the 
stimuli presented by the female in heat. What is the mechanism of such 
sensitization? 

The difficulty of the problem is enormously increased by the variability 
of behavior under normal conditions. There seems to be no item of 
behavior except parturition and the removal of the fetal membranes from 
the young which is wholly restricted to the mother rat. Norman has found 
that nests are sometimes built and young retrieved in a manner indistin- 
guishable from that of the best mothers by virgin females and even by 
males. Stone and others have observed female mating reactions on the 
part of normal males and Beach the masculine behavior of normal virgin 
females. The mere observation of such behavior in experiments involving 
injection of a hormone therefore does not justify the conclusion that the 
hormone is responsible for the behavior. There are distinguishing char- 

acteristics of what we have considered as normal behavior. The parturient 
female collects her young into the nest immediately or within a few hours 
after their birth, Virgin females and males show such behavior only after 
much longer exposure to young, often with an intervening period during 
which the young are devoured. It is not impossible to establish definite 
criteria by which hormonal effects may be recognized but the necessary 
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criteria are quantitative rather than qualitative. The validity of the criteria 
employed by earlier workers is somewhat called in question. We can only 
consider the problem of activation on the basis of observations which 
should be checked again with more attention to the range of normal 
variation. 

With this reservation it seems worth while to consider the mechanism 
of activation, if only to define the problem more clearly. 

1. Does the hormone stimulate the growth or formation of new nervous 
connections, as the chemical organizers in Spemann’s experiments stimu- 
late differentiation of structure? A number of observations may be urged 
as arguments against this possibility. Castration abolishes the male re- 
action. Injection of the male hormone may restore it promptly and it may 
be repeatedly revived by repeated injection of the hormone. It is unlikely 
that each of these repeated activations involves a renewed growth with 
intervening degeneration of the mechanism. In the experiments of Wiesner 
and Sheard retrieving of the young grew less persistent as the young 
approached weaning age and began to venture from the nest. The retriev- 
ing reaction could be restored to its initial vigor, either by injection of 
pituitary hormones or by giving the mother newborn young to nurse, The 
responses to the younger infants were apparently immediate. We cannot 


‘ascribe the initiation of neuron growth to this stimulus and so have no 


reason to assume that the hormone produces such an effect. This and 
other evidence point to the conclusion that the neural mechanism is 
already laid down before the action of the hormone, and that the latter 
is only an activator, increasing the excitability of a mechanism already 
present, 

2. Does the hormone act merely by increasing the general excitability 
of the organism? Reduced sexual activity during starvation or physical 
illness (40) and the fact that male hormone increases the excitability of 
the Sympathetic system as measured by vasomotor reflexes (50) lend 
plausibility to this assumption. I have found, however, that castration does 
not alter general activity for a month or so, nor is there other valid evi- 
dence for a reduction in general excitability which is common to castrated 
males, females in the dioestrum, and nonparturient females, which should 
be the case if the hormones acted as general excitants. Finally, the 
Strongest argument against this hypothesis is the apparent specificity of 
the different hormones for different patterns of behavior as illustrated by 
Moore’s reversal of sex behavior (27) by interchanging the gonads of 
the two sexes. 

3. The hormones induce specific changes in various organs, such as the 
vascular changes in the uterine mucosa, the rapid enlargement of the 
testis, or lactation in the mammary glands, It is possible that these altered 
states initiate sensory impulses which facilitate the mechanisms of the 
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secondary sexual reactions. This is the mechanism implied in Moll’s 
evacuation theory (26) of the sex drive and in the ascription of various 
phases of maternal behavior to lactation. The suppression of the oestrus 
cycle and of receptivity in the female rat during lactation, and the correla- 
tion of sexual behavior with phases of the oestrus cycle suggest an 
elaborate interplay of such mechanisms. 

The evidence against this somatic sensory reinforcement is rather com- 
pelling, however. Stone tested the evacuation theory by removing as 
much as possible of the reproductive system from males and observing 
their behavior after treatment with male hormone. He found sexual ex- 
citability, responsiveness to the female in heat, in castrated animals from 
which all of the accessory reproductive glands had been removed, leaving 
no anatomic basis for the tension of accumulated secretions assumed as 
the source of sensory reinforcement in the evacuation theory. Several 
investigators (52) have reported the hormonal induction of oestrus with- 
out the induction of mating behavior, Ball (2) has observed the normal 
signs of sexual excitement in females from which the uterus and vagina 
had been removed. Wiesner and Sheard have reported and Norman has 
confirmed the fact that normal retrieving of young occurs in parturient 
females from which the mammary glands were removed in infancy. The 
mechanical stimuli of lactation therefore cannot be an important factor 
in the induction of this phase of maternal behavior. 

In each of these experiments the organs to which the function of 
sensory reinforcement would naturally be ascribed have been removed 
without abolishing excitability to the appropriate stimuli. Still more con- 
clusive evidence on this matter comes from instances of reversal of sexual 
behavior. In gynandromorphic insects with head of one sex, thorax and 
abdomen of the other, sexual behavior is reported to follow the sex of 
the head, not that of the reproductive system (51). Reversal of sexual 
behavior in hens with tumors of the ovary has long been known (28). In 
the experiments of Moore the gonads were interchanged between male 
and female rats and corresponding reversal of behavior noted, the 
feminized males retrieving young and the masculinized females showing 
male behavior. 

Such observations and experiments seem to preclude the evacuation 
theory of sexual activation and to minimize the importance of 
reinforcement from somatic organs in the production of 
ductive responses. Of course they do not rule out all possible peripheral 
mechanisms which might provide effective facilitation for specific reflexes. 
Certain possibilities have not yet been explored, such as that of an altered 
temperature control during pregnancy which might precipitate nest build- 
ing, as Kinder (22) has suggested, or localized changes in v 
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organs showing greatest structural changes under hormone influences and 
those to which sensory facilitation has been ascribed have been removed 
without destroying the secondary sexual reactions and the observations 
on reversal of sexual behavior make it pretty certain that somatic sensory 
impulses cannot be the determiners of specific reaction patterns. 

4. There remains only the last alternative, that the hormones act upon 
the central nervous system to increase the excitability of the sensory-motor 
mechanism specifically involved in the instinctive activity. Direct evidence 
for this is lacking and we have no conception of the way in which 
various organic compounds might exercise a selective effect upon specific 
nervous elements or schemata. There are, however, many instances of the 
restricted influence of drugs, both upon localized structures, as in the case 
of strychnine, and upon psychological functions, as in the action of mescal. 
There is also some slight evidence for the local sensitization of nervous 
tissue to organic toxins, with a selective action of later doses upon the 
sensitized tissue. The hypothesis of a specific action of the hormones upon 
nervous organization is therefore not without parallel in the literature of 
pharmacology. The problem here is clear enough. Techniques of direct 
investigation, as by serological tests of the affinity of specific structures 
for different hormones, are still lacking. 


Neural Structure and Instinct 


Gross Localization. The probable locus of action of the hormone within 
the central nervous system leads to the question of the neurological basis 
of instinct. The notion of a sharp distinction of levels must be abandoned. 
Zeliony (55) and Culler and Mettler (10) have demonstrated the possi- 
bility of conditioning in the decorticate animal, so that the cerebral 
hemispheres are no longer to be regarded as the exclusive seat of the 
learning process. Instinctive activities are also not exclusively a function 
of subcortical structures. In submammalian forms many complicated in- 
stincts can be carried out in the absence of the forebrain, as illustrated by 
Rogers’ studies of the reproductive activities of decerebrate pigeons (33). 
In these birds such complex learning as is required by differential reaction 
to visual forms is also independent of the forebrain (16) so that these 
animals do not provide evidence for a separate localization of instinct and 
learning. In mammals instinctive activities may suffer severely from total 
or partial decortication. I have found that the rat’s reactions to visual 
distance are disturbed by injuries to the visual cortex but are unaffected 
by extensive destruction of the optic centers of the thalamus and mid- 
brain, Mating behavior has not been observed in male rats lacking more 
than half of the neocortex. It is difficult to keep such animals at a normal 
level of general vigor and their impotence might be ascribed to lowered 
vitality. They usually fail, however, to show any specific reactions to cage 
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mates and in this respect are quite different from animals which are 
undernourished or ill. Stone (41) has found normal mating behavior in 
male rabbits with large cortical lesions and Brooks (9) in completely 
decorticate male and female rabbits, so long as the olfactory system 
remains intact. The difference between the rat and rabbit thus seems to 
correspond to the degree of specificity of the adequate stimulus in the 
two genera. Brooks has reported normal mating in rabbits deprived of 
olfactory bulbs and with the neocortex intact. This confirms our conclu- 
sion concerning alternative effective stimuli. 

The studies of Beach (3) show the dependence of many aspects of 
maternal behavior upon the cortex. Using such criteria as the time of 
initiation of nest building before parturition, the removal of the foetal 
membranes, grade of nest, retrieving, and the removal of the nest and 
young from unfavorable conditions, he has compared the performance of 
normal mothers with that of others having various cerebral lesions. Prac- 
tically every item of the behavior showed deterioration in proportion to 
the extent of cerebral injury. 

None of the primary reactions dropped out as a result of the cerebral 
lesions. Collecting nest material, nest building, cleaning the young, retriev- 
ing were observed in all animals, but in case of those with extensive 
lesions the activities were not fitted together into an effective organization. 
Nests were poorly constructed and inadequate as protection to the young. 
One or two of the litter might be cleaned, the rest left to die in the foetal 
membranes. In retrieving tests the young were carried about but not col- 
lected into a single group, and so on. 

The results of this study are of especial importance in emphasizing, 
by contrast, the degree of integration of activities in the normal pattern. 
Dunlap (13) has averred that there are no instincts, although there is 
instinctive behavior, meaning by this that such categories as maternal 
behavior are created by the observer out of an aggregate of activities 
which, in themselves, have no physiological coherence. The analysis of 
cerebral function in maternal behavior favors an opposite interpretation, 
The partially decerebrate mother shows all of the component activities 
which are revealed by the maternal behavior of the normal animal, but 
these elements are so poorly coordinated that she cannot rear her litter. 
The normal pattern of maternal behavior involves a total integration of 
the component activities which makes it a functional unit and in mammals 
this unity is given by the activity of the cerebral cortex. 

Histologie Structure. In the visual system there is a high degree of 
precision in the topographic arrangement of the fibers. A Statistical study 
of the distribution of normal cells in the lateral geniculate nucleus shows 
after lesions in the visual cortex that the axons which teach the cortex 
reproduce exactly the relative spacial positions of the cells in the nucleus; 
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that is to say, the concentration of cells is uniform, right up to the edge of 
a degenerated area in the nucleus. But this accuracy of growth is ap- 
parently rare and it constitutes in the visual system not a precise set of 
sensory-motor connections, but a cortical field in which the spacial relations 
of retinal excitation are reproduced and whose parts are still equipotential 
for the integrative processes. 

Experimental studies of nerve growth and regeneration seem to estab- 
lish the fact that in general there is little specificity in the connections of 
individual fibers. The transplantation experiments of Detwiler (11) and 
of Weiss (47, 48) show that the distribution of the fibers to the muscles 
may be quite random and yet coordinated movements are effected as soon 
as growth is completed, without any opportunity for the intervention of 
practice to establish the patterns of integration. This, rather than the 
precision of the afferent visual pathway, must represent the usual state of 
affairs in the growth of nerves and tracts. No exact sensory-motor connec- 
tions are established, yet the instinctive reactions may have a high degree 
of precision. . 

In general the neurological problems which have arisen in the study of 
instincts are identical with those of cerebral function in learning. The 
same questions of equivalence of stimuli, of substitute responses, and of 
Similar effects of various cerebral lesions appear, whether the activities 
are innate or learned. We are no nearer to an answer to such questions in 
One case than in the other but I believe that there is more hope of solu- 
tion of these problems through the study of instincts than of learning. 


The Physiology of the Drive 

I have reviewed the evidence that the endocrines must act directly upon 
the central nervous system to activate the instinctive pattern. The same 
evidence may be applied to the problem of reactions to deficit. The 
experimental studies have in fact dealt with gross activities such as re- 
trieving or mating which involve both reaction to deficit and specific 
Sensory-motor patterns, both preparatory and consummatory activity. This 
means that the various motivational factors observed in maternal behavior 
cannot be ascribed to somatic sensory reinforcement, any more than can 
the hormonal activation of the reactions. 

Most of the current theories concerning the nature of primitive drives 
have been derived by analogy with the hunger mechanism and assume 
Some continued visceral activity, comparable to the contractions of the 
empty stomach, as the source of masses of excitation whose irradiation in 
the nervous system increases the general responsiveness of the animal. 
This analogy has certainly been overworked, especially as it is by no 
means assured that hunger motivation is itself synonymous with the 
hunger pangs. The work of Richter (30) and Wada (46) shows a correla- 
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tion between rhythmic bodily activities and hunger contractions, but the 
activities of the animal under hunger motivation are not rhythmic. The 
rat in the maze does not stop running between hunger pangs. Even for 
hunger motivation we must assume, I believe, some source of continued 
excitation which is no more than activated by the hunger contractions. 

When the theories of motivation by somatic sensory facilitation were 
developed, there was little evidence that activity could be sustained 
within the central nervous system. The maintenance of tension or activity 
through some form of circular reflex was more in accord with the con- 
ception that all excitation must pass over immediately into motor response, 
as first formulated by Dewey (12). The recent demonstration of recurrent 
nervous circuits, perhaps capable of indefinite reverberation, by the ana- 
tomic and physiologic studies of Lorente de Nó, relieves us from the 
necessity of finding a peripheral mechanism to account for the main- 
tenance of activity or for the dynamic tensions which are implied by the 
phenomena of motivation. The studies of the sexual and maternal motiva- 
tion strongly suggest a central nervous mechanism which is merely ren- 
dered excitable by hormone action. What this means is that the seeking 
activities or reactions to a deficit, such as are measured by the obstruction 
method, are not a reaction to a continuous peripheral stimulus, such as is 
assumed in the evacuation theory, but are the expression of some central 
nervous activity or state, 

The relation between the reactions to deficit and the excitability of the 
specific patterns of behavior is obscure. It is generally stated that the 
drive is first aroused, as by endocrine action, and that this, in turn, causes 
the appearance of the instinctive sensory-motor reactions. An increase in 
the excitability of sexual reactions is accepted as evidence for intensifica- 
tion of the drive. But the phenomenon actually observed is only a more 
ready excitation of specific responses. There is no need to postulate an ex- 
traneous drive to account for the fluctuations in the threshold of such 
reactions. The mechanism is present and under the influence of the hor- 
mone or of excitation by an adequate stimulus its excitability is increased. 

Only in cases of reaction to a deficit is there any justification for intro- 
ducing the notion of a drive as a source of facilitation. An incre: 
general activity or in exploratory behavior indicates an increased respon- 
siveness to stimuli not obviously related to the specific sensory-motor pat- 
terns of the instinctive behavior. There is also inhibition of reactions to 
other stimuli, as when the chick removed from companions refuses to eat. 
This is a selective facilitation of activity and the facilitatio 
with the organism. Does it call for the postul 


ase in 
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ation of some source of 
energy apart from that of the specific sensory-motor patterns? The evidence 
indicates that the facilitation is probably independent of som 
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will increase the intensity of the apparent drive. Thus sexual excitement 
in the male rat is aroused only by the very specific pattern of the female 
in heat, but once the animal is so excited, he will respond to less definite 
patterns of stimulation. The waning retrieving activity of the female is 
intensified by supplying her with a younger litter. Motivation of the 
hungry animal in the maze is really effective only after the maze has been 
associated with the getting of food. In these cases the apparent motivation 
seems to derive from a specific sensory-motor mechanism. 

I suspect that all cases of motivation will turn out to be of this char- 
acter; not a general drive or libido, or disturbance of the organic equi- 
librium, but a partial excitation of a very specific sensory-motor mechanism 
irradiating to affect other systems of reaction. In his Dynamic Psychology 
Woodworth (54) suggested that habits might acquire dynamic functions, 
that a mechanism might become a drive, as he expressed the matter. I 
should carry this notion a step further and suggest that physiologically 
all drives are no more than expressions of the activity of specific 
mechanisms. 


Summary 


I have reviewed the material on reproductive behavior chiefly to illus- 
trate what seem to me the fundamental problems of instinct. Practically 
the whole of physiological theory concerning the integration of behavior, 
whether of spinal reflex or of speech, is based upon inference from the 
relations of stimulus and response. Instinctive behavior raises questions of 
the nature of the adequate stimulus which seem to differentiate such 
activities sharply from spinal reflexes. An essential first step toward an 
understanding of the mechanism of instinct is the analysis of the properties 
of the stimulus situation which are really effective in arousing the be- 
havior. This has proved to be a very difficult task, ramifying into all of 
the problems of perception. Understanding of the motor activities seems 
to hinge upon these perceptual problems. Little of the behavior can be 
described in terms of stereotyped movements; rather the whole repertoire 
of learned and reflex movements may be elicited until some definite 
sensory pattern is produced. The phenomena are identical with those 
from which I have inferred the equivalence of reactions and Bethe (5) 
the principle of “sliding coupling.” 

I feel that the problem of motivation is also closely identified with the 
problem of the specific patterns of instinctive response. Hormone action, 
or reinforcement by sensory impulses from the viscera, seems to do 
nothing more than activate some central nervous mechanism which main- 
tains excitability or activity. There is no good reason to assume that this 
mechanism is distinct from the sensory-motor organization which is later 
active in the consummatory reaction. The current trend in social psy- 
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chology and psychopathology is to elevate the drive to the position 
formerly occupied by instinct, as some general motivating force apart from 
specific sensory-motor systems. Actually the term is nothing more than a 
general designation of reactions to deficit and its hypostatization as a 
real force can only blind us to the fact that each such reaction constitutes 
a special problem involving, perhaps, a unique mechanism. 
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r4. THE MECHANISM OF VISION. 
XVI. The Functioning of Small 


Remnants of the Visual Cortex ' 


Although the rat’s detail vision is abolished by complete destruction of 
the striate areas of the cerebral cortex, the capacity for discrimination of 
simple geometrical figures is little affected by extensive lesions within 
these areas, so long as some part of the cortical projection of the binocular 
field remains intact. Previous experiments have shown both postoperative 
retention of habits based upon discrimination of simple figures and post- 
Operative formation of such habits after destruction of more than 90 per 
cent of the visual cortex (12). A more accurate determination of the 
smallest area which can mediate detail vision and of the character of that 
vision is of interest in relation to several problems. 

The functioning of residual bits of cortical tissue immediately adjacent 
to large lesions bears directly upon questions of disordered behavior arising 
from metabolic or circulatory disturbance, and upon the problem of dias- 
chisis, Experiments reported earlier have shown few symptoms which could 
be ascribed to metabolic disturbances in the neighborhood of lesions and 
Tsang’s studies (21) show an actual increase in density of capillaries 
along the borders of a cut in the cortex. The experiments reported below 
indicate that cerebral tissue at the very edge of a sharply defined lesion 
may function normally. 

For the visual system there are many lines of evidence pointing to a 
close functional interrelation of all parts of the cortical field, as illustrated 
by the phenomena of contrast, of dependence of acuity upon illumination 
of the surroundings, of illusions, and the like. Diaschitic effects should 
therefore be especially prominent after lesions within the visual area, if 
diaschisis plays any important part in the production of symptoms, and 
aà great reduction of tissue should disrupt functional organization. The 
discrimination of visual objects typically involves a high grade of per- 
Ceptual organization in which the total pattern or interrelation of the parts 
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of the stimulus is dominant for behavior. The various “gestalt” or “field” 
theories developed to account for such organization stress the importance 
of spacial distribution of exeitation. It is important to know the spacial 
limits within which the “field” properties can operate and the character 
of the disturbances resulting from limitation of the field. Loss of function 
in small residual areas would favor the theory of diaschisis and disturb- 
ances of the normal figure-ground relations, or the like, would lend sup- 
port to theories of organization in terms of some dynamic tensions. 

Extreme limitation of the size of the visual field might reduce it to 
dimensions which could no longer include the whole of the object to be 
recognized. In such a case of tubular vision the form of the object to be 
recognized must be reconstructed by integration of the parts seen succes- 
sively. Loeb (14) ascribed the “psychic blindness” described by Munk 
(16) to limitation of the visual field by scotomas rather than to an agnosia. 
Any study purporting to deal with visual agnosia in animals must take into 
account the limitations of function imposed by a restricted visual field. 

In the experiments reported here the attempt has been made to de- 
termine the smallest remnant of the visual cortex which can still mediate 
the discrimination of visual figures. Rather crude preliminary tests have 
also been given to define the character of spacial vision in cases which 
failed in discrimination of figures and to establish the dependence of re- 
action upon the total figure in cases which did discriminate. 

Failure in tests is difficult to interpret since it may be due to central 
scotoma, to cortical blindness resulting from diffuse inflammatory changes 
in the residual tissue, to visual agnosia, or to a nervous excitability which 
sometimes appears in the operated animals, leading them to balk after a 
few falls in the jumping apparatus and so fail even in tests which they 
have previously passed. Only positive evidence of discrimination is there- 
fore conclusive and the interpretation of failures must be tentative until 
confirmed by consistent results with a large number of cases. 


Anatomic Data 


After lesions in the visual areas of the cortex the cells of the lateral 
geniculate nucleus, whose axon terminations have been destroyed, undergo 
complete degeneration. It is therefore a simple matter to determine the 
number of geniculo-striate fibers which remain intact by counting the 
undegenerated neurons in the nucleus. The spacial relations of the retinal 
cells are accurately maintained in projection to the lateral geniculate 
nucleus and the cortex, so that it is possible to estimate the extent of the 
intact visual field and the position of the areas of scotoma from counts 
and maps of the neurons in the lateral geniculate nuclei. 

The anatomic projection of the retina upon the lateral geniculate nucleus 
and the cortex, as determined in previous studies (6, 7), is shown diagram- 
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matically in Fig. 24.1. This anatomic projection is confirmed by the be- 
havior of animals with large lesions in the striate areas. Thus rat number 
7, in the present series, always bent his head sharply downward when 
reacting to visual objects, as if he were able to see only in the upper part 


- of the median visual field. His right lateral geniculate nucleus was com- 


pletely degenerated and in the left there were nerve cells only in the 


Fig. 24.1. The anatomic projection of the retina upon 
the lateral geniculate nucleus and area striata of the 
cerebral cortex in the rat. A coronal section of the 
nucleus and the dorsolateral surface of the occipital 
half of the cerebrum are shown. The letters indicate 
corresponding points. After Lashley and Frank (12). 


regions marked h in Fig. 24.1, corresponding to the projection of the 
Ower temporal retina, or the upper nasal part of the visual field. 

The numbers of cells at each level from the retina are given in Table 
24.1. The methods of counting at different levels have been reported in 
an earlier study (11). The figure for the lateral geniculate nucleus, 34,000 
cells, was obtained by actual count of all cells in serial sections through 
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Table 24.1. The Numbers of Nerve Cells at Successive Levels in the 
Visual System of the Rat 


Total number of 


Level nerve cells ° 
Rod nuclei 9,180,000 
Cone nuclei ł ir | Retina 
Bipolar cells | 
Ganglion cells 192,000 
Lateral geniculate 34,000 Thalamic relay 
Lamina VII 68,800 
Lamina VI 135,400 
Lamina V 147,700 p Cortex 
Lamina IV 127,000 
Lamina III-II 176,000 


° The figures given are for one eye, lateral geniculate nucleus, and cerebral hemisphere. 

+ In an earlier paper (5) I questioned whether the oval nuclei described by Menner (15) 
could be interpreted as cone nuclei, since many of them, like rod nuclei, seemed to be 
attached to the myoid by a slender fiber. The more recent work of Walls (23) seems to 
establish these nuclei as a criterion of cones in the rat’s retina. 


the nucleus of one specimen and confirmed by estimates from the volume 
and cell concentration in the nuclei of other animals. In the retina the 
ganglion cells are most numerous in the middle of the temporal quadrant 
and decrease in concentration toward the periphery of the retina (5). In 
the center of the binocular field there are about four times as many per 
unit area as in the zone near the ora serrata. The total number of cells in 
the lateral geniculate nucleus is not sufficient to account for the observed 
visual acuity of the rat except with the assumption that the binocular field 
has an even greater proportionate representation in the nucleus than is 
indicated by the distribution of ganglion cells of the retina. The cells of 
the lateral geniculate nucleus are uniformly distributed. It is safe to 
assume, therefore, that a given area from the binocular field is repre- 
sented by at least four times as many cells of the nucleus as is a peripheral 
area of equal size. These facts give some basis for computing the size of 
the residual visual field from counts of undegenerated cells in the lateral 
geniculate nuclei. 


Methods 

Testing. Fourteen adult male rats from a fully pigmented strain were 
trained to twenty consecutive errorless trials in three visual problems. 
Training was the “jumping” apparatus (4) requiring the animals to jump 
against the stimulus patterns presented at two openings in irregular 
alternation, with food for a correct choice, a fall for an incorrect one. The 
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animals learned to choose a 6-cm. white square and avoid a black card 
(Fig. 24.2), to choose 2-cm. horizontal striations and avoid vertical (Fig. 
24.3), and to choose an erect and avoid an inverted equilateral triangle, 
10 cm. to the side (Fig. 24.6). 

On completion of training they were subjected to operation. Under 
ether anesthesia the entire striate area of the right hemisphere was de- 
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Figs. 24.2 to 24.16. Pairs of stimulus cards used in the tests. Figures 2, 3, 
6, and 10 were used for training, the others in tests for equivalence of 
stimuli. Uniform gray is indicated by stippling. X 1/12. 


stroyed by cautery. On the left hemisphere the mesial and caudal portions 
of the striate area were removed, leaving intact some small portion of the 
lateral margin, the projection of the binocular field. 

Fourteen days after operation the animals were tested for retention 
with the white square versus black and retrained on succeeding days with 
the striations and triangles. In addition to the original training figures, a 
series of equivalence tests were given to determine the capacity of the 
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animals to recognize properties of those figures in a different setting. Thus, 
after retraining with triangles, the animals were confronted with lines 
forming only the apical angles of the triangles, to see if these would be 
identified with the solid triangles, as they are by the majority of normal 
animals. The tests for equivalence of figures were carried out in each case 
as follows: when the animal had made twenty consecutive errorless trials 
with the training figures (triangles, for example), he was confronted with 
the test figures (apical angles) and allowed to choose between these for 
ten trials, with food at every trial, no matter which figure was chosen. 
These are designated as critical trials. He was then retrained on the fol- 
lowing day to ten errorless trials with the training figures (triangles) and 
immediately given ten more critical trials with the test figures (angles). 
A choice of one of the test figures in sixteen or more of the twenty critical 
trials indicates that some property of the training figures was recognized 
in the test figures. The full series of tests was the following in the order 
given: 

1. Retraining with white card (15 cm.) versus black. 

2. Retraining with white square (6 cm.) versus black (Fig. 24.2). 

3. Retraining with horizontal and vertical striations (Fig. 24.3). 

4. Twenty critical trials with a single horizontal and vertical line (Fig. 
24.4). 

5. Twenty critical trials with interrupted striations (Fig. 24.5). (All animals 
but one failed this test, which has been passed by the majority of the normal 
animals tested.) 

6. Retraining with 10-cm. triangles (Fig. 24.6). 

7. Twenty critical trials with apical angles (Fig. 24.7). 

8. Twenty critical trials with 5-cm. triangles (Fig. 24.8). 

9. Twenty critical trials with encircled triangles (Fig. 24.9). 

10. Training to choose a 10-cm. and avoid a 6-cm. circle (Fig. 24.10). 
Twenty critical trials with each of the following: 
ei outlines of unequal diameter but equal surface area (Fig. 

12. Gray circles of equal size with surface brightness in ratio of 3 to 1 (Fig. 
24.12). 

13. Circles of unequal size and equal total luminosity (Fig. 24.13). 

14. Equilateral triangles of unequal size (Fig. 24.14). 

15. Circular outlines of equal size and unequal surface area (Fig. 24.15). 

16. Horizontal bars at unequal heights (Fig. 24.16). 


The majority of these tests were chosen as possible indicators of the 
extent of scotoma. The direction of the interrupted lines of Fig. 24.5 is 
not apparent unless almost the entire card is seen. The interrupted lines 
are identified with striations by the majority of normal animals (3, 10). 
The discrimination of a difference in size is possible only if both figures 
are seen as a whole. With circles of different size (Fig. 24.10), however, 
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Fig. 24.17. Diagrams of the anatomic findings in animal number 1. At the 
left is a dorsal view of the cerebral hemispheres with the extent of the lesions 
indicated in solid black. To the right of this, five coronal sections at equal 
intervals through the left lateral geniculate nucleus, pars dorsalis, are shown 
with partial outlines of the pars ventralis and optic tract. Successive levels from 
the most anterior are arranged from left to right. The position of undegen- 
erated neurons is indicated by stippling. In this case no part of the striate 
area could be identified. The same arrangement is followed in subsequent 
figures, in which the remaining area striata is indicated by vertical hatching. 


discrimination may be based upon linear dimensions, surface area, distance 
of the figures from the frame, curvature of the edges of the figures, or total 
reflected light. The animal with all of the visual cortex destroyed ap- 
parently reacts to them on the basis of total reflected light. Tests 11 to 
16 were introduced to define the basis of reaction to Fig. 24.10. 

. Other tests were intended to establish reaction to form. The discrimina- 
tion of striated fields may involve form-perception, perhaps only direc- 
tion (19), ora primitive optokinetic reaction such as results from moving 
striated fields (20). The single lines (Fig. 24.4) and interrupted lines 
(Fig. 24.5) give some control of these alternatives. Discrimination of 
triangles may be based upon total figures, upon direction of lines in the 
perimeter, distance of the base line from the frame, and the like. Tests 7, 
8, and 9 give some control of these properties. 


arranged 


Fig. 24.18. Diagrams of the anatomic findings in animal number 3, 
as in Fig. 24.17. 
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Fig. 24.19. Diagrams of the anatomic findings in animal number 4, arranged 
as in Fig. 24.17. 


I have previously reported extensive tests of the visual capacity of 
the normal rat (10). Owing to the great variation in the behavior of 
normal animals it has not been possible to establish consistent norms of 
behavior in many of the tests employed, but at least 75 per cent of the 
normal animals tested have transferred without additional training from 
the training figures (3, 6, and 10) to the figures following them in the 
series, 

Anatomic Methods. On completion of the tests the animals were killed 
with ether, Complete serial sections through the lateral geniculate nuclei 
and cortical lesions were prepared with thionin stain for study of retro- 
grade degeneration. The lesions were reconstructed by the usual graphic 
method and the remaining portions of the area striata were identified by 
the cytoarchitecture and mapped with the lesions. 

The entire right area striata was destroyed in all cases and careful 
examination of the right lateral geniculate nuclei, pars dorsalis, failed to 
reveal any recognizable neurons, except a few spindle-shaped cells along 
the margin of the pars ventralis. 

By the aid of a mechanical stage and cross-hatched eyepiece counts of 


Fig. 24.20. Diagrams of the anatomic findings in animal number 5, arranged 
as in Fig. 24.17. 
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Fig. 24.21. Diagrams of the anatomic findings in animal number 6, arranged 
as in Fig. 24.17. 


neurons in the left lateral geniculate nuclei, pars dorsalis, were made 
under a magnification of 250 diameters. For the cases in which the de- 
generated areas of the nucleus obviously exceeded half its total volume all 
cells in all sections were counted (numbers 1 and 3 to 12 inclusive). In 
other cases (10 and 14) cells in alternate sections were counted. Rough 
estimates indicated that more than 15,000 cells remained intact in the 
remaining cases. No attempt was made to correct the numbers obtained 
for loss by erosion on the microtome knife, which is probably slight with 
collodion material. 

To record the position of the undegenerated cells in the nucleus, camera 
drawings of five sections at equal intervals through a normal nucleus were 
made and used as a diagram. On this the approximate position of the cells 
is indicated by stippling (Figs. 24.17 to 24.25). The figures thus show 
the extent of the lesions (solid black), the region of the cortex in which 
the characteristic granular layer (lamina IV) of the area striata was 
identifiable (hatched), and the position of the remaining nerve cells in the 
left lateral geniculate nucleus, pars dorsalis (stippling). 

The borders of the degenerated regions in the nucleus are quite sharp. 


Sov 


Fig. 24.22. Diagrams of the anatomic findings in animal number 7, arranged 
as in Fig. 24.17. 
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Fig. 24.23. Diagrams of the anatomic findings in animal number 8 
as in Fig. 24.17. 


, arranged 


I have made a number of counts of cells in measured areas in the middle 
of the intact zones and at the margins bordering degenerated regions. If 
the cortical lesion shows a sharp edge without diffuse degenerative 
changes, the cell concentration in the nucleus is uniform up to the edge 
of the degenerated region of the nucleus. This indicates a very exact 
spacial projection of the nucleus upon the cortex. In some cases (numbers 
1, 3, and 7) there were scattered cells within the degenerated areas and 
both these and the cells along the margins of the intact areas showed 
marked chromatolysis and swollen nuclei.2 


Experimental Results 


The preoperative training scores of the animals fell within the usual 
range, with an average of thirty-two trials and eight errors for learning 


2 Marked changes in the staining Properties of neurons and other pathological changes in 
nerve tissue do not always indicate functional disturbance. Good detail visi n may persist 
when inflammatory changes have so completely obliterated the cytoarchitectural arrange- 
ment of the striate areas that the typical cell layers can nowhere be identified, After partial 
lesions in the striate area, ganglion cells disappear completely from a limited area bf the 
lateral geniculate nucleus and those which remain in other regions are always less sharply 


stained than cells in other nuclei and appear somewhat shrunken, yet detail vision may be 
normal. 


Fig. 24.24. Diagrams of the anatomic findings in animal number 9 


, arranged 
as in Fig. 24,17. 
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striations (Fig. 24.3) and sixty-four trials, eleven errors, for triangles (Fig. 
24.6). The postoperative scores are summarized in Table 24.2. Five of the 
animals refused to jump after some retraining tests (marked R in Table 
24.2). In all these cases training for 20 days or more failed to reestablish 
regular jumping. 

The scores of numbers 9 to 14 are nearly normal. In these cases the 
area striata of the right hemisphere was completely destroyed, but one- 
third or more of the left, including the projection of the temporal retina, 
was intact. Their records will therefore not be considered in detail. They 
failed a rather larger proportion of the tests for equivalence of stimuli 
than do normal animals and showed a greater deterioration of the habits 
formed before operation than can be ascribed to the lapse of time. 


= Atl C\ ane 
Fig. 24.25. Diagrams of the anatomic findings in animal number 10, arranged 
as in Fig. 24.17, 


P The animals with greater amounts of destruction are described below 
In individual protocols. 


Number 1 (Fig. 24.17) jumped readily to the 15-cm. white card versus black, 
ut made a chance score with the 6-em. card versus black and after a number of 
falls refused to jump; remained refractory for 3 weeks, then developed a lung 
infection and was killed. There was no evidence of detail vision and his behavior 
was much like that of an animal with the entire visual cortex destroyed. The 
tight lateral geniculate nucleus, pars dorsalis, was completely degenerated. The 
left nucleus contained not more than 300 neurons, and these were scattered, 
much shrunken and abnormal in appearance. No striate cortex could be recog- 
nized, There was probably no functional visual cortex. 
. Number 2 jumped to the white card versus black only after 20 days of train- 
ing. When he began to jump he chose the large white card versus black but 
failed to reach the criterion in 100 trials. When the smaller white square was 
presented he refused to jump and in the 30 days following could be induced to 
Jump only to the 15-cm. white card. 
The right area striata was completely destroye 
half of the lateral geniculate nucleus, the optic tract, the pretectile nucleus, 
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the lateral margin of the superior colliculus had been destroyed by the cautery. 
The greater part of the left lateral geniculate nucleus was normal. 

The behavior of this animal is consistent with that of others with similar 
lesions previously reported (12, 13). The combined destruction of parts of the 
striate areas and the colliculi seriously interferes with jumping even when detail 
vision is retained. 

Number 3 (Fig. 24.18) jumped to the white card versus black only after 20 
days of training. He jumped fairly readily to a single figure, but balked when- 
ever two figures were presented. In two weeks of daily testing only 6 jumps to 
the striated cards were obtained. 

The right area striata was destroyed. The right geniculate nucleus, optic tract 
and superior colliculus were severely damaged. The left lateral geniculate 
nucleus contained 2,218 neurons, none of normal appearance. 

Number 4 (Fig. 24.19) and number 5 (Fig. 24.20) both jumped readily, dis- 
criminated the 6-cm. white square from black, but failed to meet the criterion 
of accuracy in 100 trials. Both gave indications of discrimination between the 
Striations of Fig. 24.3, but developed some lymphatic infection before training 
on this test was completed. They certainly had some detail vision. 

In number 4 the right area striata was completely destroyed. The left nucleus 
contained 713 neurons, grouped in the projection field of the dorsal temporal 
retina, 

In number 5 the dorsal third of the left nucleus with the overlying optic tract 
had been destroyed. There were 2,656 neurons of normal appearance in the 
lower inner half of the nucleus. 

Number 6 (Fig. 24.21). This animal chose the white square versus black 
with 4 errors in 40 trials, With striated fields he showed no improvement above 
chance score in 100 trials, making 58 errors. He was then trained with a single 
horizontal stripe, 2 cm. in width and 15 cm. long, versus a similar vertical one. 
With these he reached an accuracy of 90 per cent after 160 trials with 52 errors. 
Further training for 50 trials with the striated fields still gave chance scores. 
Various control tests indicated that he was reacting upon the basis of the posi- 
tion of the bottom of the vertical stripe and not to the form or direction of the 
Stripes, 

Training was continued with circles of unequal size and the cr 
after 120 trials and 17 errors. The scores on the various control tests showed 
that he tended to choose the larger continuous white surface (tests 11 and 15) 
and did not depend upon position of the figures or total reflected light; that is, 
there was some appreciation of surface area, independent of surface brightness. 

The right area striata was completely destroyed. The lesion had cut across 
the left area striata, leaving remnants of the anteromesial and posterolateral 
margins. Correspondingly, two groups of cells appeared in the lateral geniculate 
nucleus. The total number of these was 1,100, of which not more than 400 were 
in the projection area of the temporal retina. Detail vision, except for crude 
position and area, seemed impossible. 

Number 7 (Fig, 24.22) jumped readily and showed an immediate preference 
for the white square, although 70 trials with 8 errors were required to reach 
the criterion of 20 successive errorless. He showed no improvement above chance 


iterion reached 
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in 50 trials with striated fields. He was then trained with a single horizontal 
versus vertical stripe and reached an accuracy of 90 per cent after 100 trials 
with 22 errors. He was next tested with the striated fields and chose with an 
accuracy of 95 per cent. He failed with the interrupted striations in 20 critical 
trials. 

Trained next on triangles (Fig. 24.6) he reached the criterion in 130 trials 
with 29 errors, transferred with 90 per cent accuracy to the 5-cm, triangles, but 
balked with the angles and made chance scores with the base lines (test 16) 
and with the encircled triangles. Since these tests had extended over more than 
100 days, it was not possible to continue the training for discrimination of size. 
The results with the striations and triangles seemed sufficient to demonstrate 
the presence of detail vision involving something more than the discrimination 
of position and direction. 

The right striate area was destroyed, with the nucleus completely degen- 
erated. On the left hemisphere there was a small remnant of striate cortex along 
the posterolateral margin of the area. The remaining cells in the lateral genic- 
ulate nucleus were grouped in the dorsal tip, the projection field for the lower 
temporal retina. They did not exceed 700 in number and in many of them the 
nuclei seemed swollen and weakly stained. Their concentration also was probably 
less than that found in normal nuclei. 

This is the most critical case of the series. There can be little doubt that the 
animal could distinguish the form of simple figures, although the central visual 
path contained only one-fiftieth of the normal number of fibers, 

Number 8 (Fig. 24.23) gave immediate evidence of discrimination of white 
square versus black and of striations, but was slow in reaching accuracy. He 
gave evidence of detail vision and discriminated circles of unequal size when 
total reflected light was equated. The striate cortex of the right hemisphere was 
completely destroyed. The left lateral geniculate nucleus contained 4,631 
neurons, including a large part of the temporal projection area. 

The remaining cases do not call for special consideration. In all of them at 
least half of the left geniculo-striate system of one side was intact, including 
parts of the temporal projection field, and all gave evidence of detail vision. 
Diagrams of the lesions and distribution of cells in the lateral geniculate nuclei 
for numbers 9 and 10 are given in Figs. 24.24 and 24.25. The remaining cases 
had still larger normal areas in the nucleus. 


Discussion 


Cases 1, 2, and 3 are ruled from consideration by the anatomic findings 
and cases 4 and 5 by illness which interrupted the experiment. The re- 
maining animals, numbers 6 to 14, were all, in some or many of the tests, 
significantly inferior to normal animals. Initial learning for discrimination 
of size was in general slower than with normal animals; 76 trials with 13 
errors as contrasted with a normal average of 37 trials and 5.5 errors. 
Except for discrimination of the large white square from black, there was 
greater postoperative loss of previous habits than can be ascribed to the 
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lapse of time alone. For striations postoperative relearning required 41 
trials with 12.5 errors, exceeding the preoperative learning scores (32 
trials, 8 errors). Relearning of triangles required 76 trials with 12 errors. 
Initial learning had required 64 trials with 11 errors. In the various tests 
for equivalence of stimuli no animal was up to normal performance. 
Although normal animals vary considerably with respect to transfer to 
similar figures, 75 per cent of any group will pass any of the tests included 
in the present series, with the exception of test 5. Almost all of the oper- 
ated animals failed in the majority of the tests. For cases with more than 
4,000 axons in the optic radiation, there is no clear relation between the 
extent or position of the lesion and success or failure in the equivalence 
tests. 

Scotomas, Amnesia, and Agnosia. With the tests used and the variability 
of the scores it is not possible to distinguish clearly between the effects of 
restriction of the visual field and the possibility of some deterioration 
of higher integrative processes. A limited visual field requires some read- 
justment of visual fixation, as illustrated by the unusual posture of num- 
ber 7 when inspecting the stimulus cards, and with large figures perhaps 
a relearning to react to limited parts of the total figure. Extensive scotomas 
might thus give rise both to an apparent postoperative loss of memory, 
and also to a slowing of initial learning. Even in transfer tests limitation of 
the visual field may significantly alter the appearance of the test figures. 
This is illustrated by the unique reversal of reaction from the larger of 
two circles to the smaller circular outline (Fig. 24.11) which appears in 
the record of number 6. With his limited visual field (v.i.) the smaller 
circle certainly presented a larger white surface than did a segment of 
the larger circular outline. The observed failures in the tests may reason- 
ably be ascribed to scotoma but the existence of other defects is not 
ruled out. 

Least Cell Number Permitting Detail Vision. The record of number 7 
shows some discrimination of figures superior to any results which have 
been obtained from animals with both striate areas completely destroyed. 
Striations and triangles were discriminated and the equivalence of stria- 
tions to single lines and of small to large triangles was demonstrated. The 
transfer from larger to smaller triangles rules out reaction to position of 
these figures and indicates some sort of form perception. Detail vision of 
a limited sort thus seems possible with a maximum of 682 cells in the 
geniculo-striate system, one-fiftieth of the number of visual fibers normally 
reaching one area striata. Number 4 with 713 cells in the lateral geniculate 
nucleus also gave evidence of discrimination of striations. This latter 
discrimination has been obtained with a few animals lacking the visual 
cortex, but only after long training, whereas number 4 gave some indica- 
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tion of immediate postoperative retention of the reaction. His illness pre- 
vented adequate tests, but the incomplete record supports the findings 
with number 7. 

Number 6, with 1,100 cells, discriminated the single lines of Fig. 24.4 
on the basis of position and distinguished size, corrected for total reflected 
light (Fig. 24.13). All but 400 of the cells in his lateral geniculate 
nucleus were in the field of the nasal retina and therefore could not have 
participated in the reaction to the stimulus cards, with the forward fixa- 
tion required by the jumping apparatus. His performance was better than 
that of animals completely lacking the striate areas, but he gave no evi- 
dence of discriminating the form of the figures. 

Comparison of the records of numbers 6 and 7 seems thus to fix the 
smallest number of cells in the geniculo-striate system which can mediate 
detail vision as between 400 and 700. No animal with a larger number 
of cells failed to give evidence of detail vision, with the exception of the 
two cases with extensive subcortical lesions. 

Size of the Minimal Effective Area. If 700 cells near the fixation point 
represent something near the minimal requirement for detail vision under 
the conditions of these experiments, what is the visual angle covered by 

them? The total number of cells in the normal lateral geniculate nucleus, 
pars dorsalis, is 34,000 or 50 times the minimal effective number, Owing 
to the great curvature of the cornea and lens of the rat’s eye, the total 
visual field of one eye subtends about 208 degrees (5). The visual 
angle for the minimal effective area cannot be directly proportional to 
the number of cells, however, for the normal acuity of the rat requires a 
greater concentration of cells per unit area in the central than in the 
peripheral projection zone. 

The rat can distinguish striations subtending a visual angle of about 30 
minutes (5, 10). Since the total visual field of one eye embraces about 208 
degrees, more than 100,000 separate central paths would be required to 
give the maximum acuity over all parts of the retina, or three times the 
actual number, There are about four times as many ganglion cells per unit 
area near the fixation point in the retina as in the extreme periphery. If 
the distance of separation of the ganglion cells determines the field of 
overlap of fibers from the myoids and hence the acuity, acuity would be 
twice as great at the fixation point as at the periphery of the visual field. 
Assuming that acuity does fall off at a uniform rate to one-half from center 
to periphery, a rough calculation gives a requirement for normal acuity of 
at least 36,000 separate central paths, a close approximation to the actual 
number of cells in the geniculo-striate system. 

To carry this assumption a step further, four times as many central 
paths near the fixation point as at the peripheral retina would be required 
to supply a unit area and give double the acuity of the peripheral retina. 
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The 700 cells found effective for detail vision would cover, near the 
fixation point, not one-fiftieth, but one two-hundredth of the visual field. 
This would be included by a visual angle of about 14 degrees. 

Approaching the problem in another way the small number of ganglion 
cells in the normal lateral geniculate nucleus makes it highly probable 
that each cell at that level conducts impulses from a single acuity unit of 
the retina and so, in the binocular field, covers an angle of 30 minutes. 
Seven hundred cells would thus cover an area bounded by about twenty- 
six acuity units, or a visual angle of 13 degrees. 

These two methods of estimation, based upon somewhat different 
assumptions, give the same result: 700 cells in the nucleus cover a maximal 
Visual angle of about 13 or 14 degrees. With the jumping apparatus as 
used, a 10-cm. figure, such as the larger triangles or circles, covers a 
Visual angle of 28 degrees or four times the area included in the minimal 
effective visual field. The transfer from large to 5-cm. triangles (test 8) 
by rat number 7 indicates that in learning the larger triangles he had 
been able to reconstruct the total form from successive fixations of 
different parts of the figure, since he failed to transfer to the more limited 
Parts presented in the angles and base lines and therefore was probably 
not reacting to position or direction of a limited part of the figures. 

The striate cortex of one hemisphere has a surface area of about 20 
sq. mm. If the axons of the cells of the lateral geniculate nucleus are 
distributed to it uniformly, 700 cells in the radiation would correspond 
to one-fiftieth of the area or 0.4 sq. mm. The identifiable remnant of the 
fourth layer in number 7 was about 1.5 sq. mm. in area. The radiation to 
the medial part of this remnant was probably interrupted by the lateral 
extension of the lesion in front of the area (Fig. 24.22). 

The Normal Functioning of Small Areas. Pieron (18), Buytendijk (2), 
Pavloy (17), and others have ascribed the similar effects of cortical 
lesions in different areas upon such activities as maze learning to circu- 
latory disturbances or other remote effects of the surgical destruction of 
tissue. The present experiments show that a remnant of a functional 
Cortical area immediately adjacent to a lesion and not more than 1.5 sq. 
mm. in area is able to carry out such integrative functions as are involved 
in the discrimination of visual patterns and the mediation of habits based 
upon the discrimination. In a previous experiment (12, p. 370) we found 
that lesions along the margins of the striate areas, penetrating the fiber 
layer, did not produce a postoperative loss of visual habits and in a series 
of cases all possible transcortical connections of the striate areas were 
Severed without abolishing the visual reactions. Bard (1) has shown that 
in the cat the placing reactions may survive the removal of all of the 
Cortex back of the sigmoid gyrus and that the destruction of the latter 
alone abolishes the reactions. The results with the visual cortex bear out 
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this evidence that certain functions may be maintained by cerebral tissue 
in close proximity to a lesion and that the interruption of a considerable 
part of the transcortical connections of such areas does not seriously inter- 
fere with their activities. 

Both the placing reactions and visual discrimination involve the accurate 
differentiation of the spacial position of the stimulus upon the sensory 
surface. As I have pointed out (9), it is these functions of spacial orienta- 
tion which reveal the highest degree of subordinate localization within 
the functional cortical area. It appears also that the normal activity of 
the parts of such areas in some functions is largely independent of their 
interconnections with other parts of the cortex or even of other parts of 
the same specialized area. This autonomous activity of the striate cortex 
in detail vision is in such sharp contrast with the disturbances in maze 
and latch-box learning after similar lesions as to suggest that the two 
types of function are mediated by fundamentally different integrative 
mechanisms (9). 


Summary 


The entire right and a large part of the left striate area of the visual 
cortex was destroyed in each of a series of rats and the animals were then 
tested for detail vision. Discrimination of visual figures was observed in 
animals with not more than 700 neurons in the geniculo-striate system, 
about one-fiftieth of the number normally present in each lateral geniculate 
nucleus. The experiment shows that the simpler integrative processes 
involved in visual discrimination and learning may be carried out in a 
normal or nearly normal manner by a minute remnant of a cerebral area 
immediately adjacent to an extensive lesion. It therefore argues against 
any trophic changes in the residual tissue as important causes of defects 
observed in other functions after similar lesions. 
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CJ. PATTERNS OF CEREBRAL 
INTEGRATION INDICATED 
BY THE SCOTOMAS 
OF MIGRAINE* 


The scotomas characteristic of ophthalmic migraine have been described 
by a number of investigators.? The visual disturbance precedes or accom- 
panies other symptoms of migraine and is usually of short duration. It is 
generally restricted to one half of the visual field, the right or the left, 
and ranges in size from a scarcely noticeable blind spot to total hemi- 
anopia. A great variety of forms have been mentioned in the literature, 
but those which have been described in detail are of much the same type. 
The scotoma starts as a disturbance of vision limited to the neighborhood 
of the macula and spreads rapidly toward the temporal field. With in- 
crease in size the disturbed area moves or “drifts” across the visual field, 
so that its central margin withdraws from the macular region as its 
peripheral margin invades the temporal. Spread from the temporal toward 
the macular region has also been described and is apparently more fre- 
quent when complete hemianopia develops. The area may be totally blind 
(negative scotoma), amblyopic or outlined by scintillations. A scotoma 
of the last type takes the form of “fortification figures,” so called from the 
suggestion of a map of the bastions of a fortified town. They appear as 
series of parallel, white or colored scintillating lines, forming angles or 
polygons along the margins of the scotomatous area. The scotomas are 
symmetric for the two eyes and so are almost certainly the result of a 
cortical disturbance. 

Two characteristics of the scotomas have not previously been reported 
and are of some interest as suggesting the nature of the inherent or- 
ganization of cortical activity. These are (a) the maintenance of the 


1 EDITORS’ NOTE: From Arch. Neurol. Psychiat., Chicago, 1941, 46, 331-339, Repro- 
duced by permission of the American Medical Association. From Harvard University, 

2For an account of the symptomatology of ophthalmic migraine, with references, see 
Richter (11). The most detailed description of scotomas is that of Jolly (3). 
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characteristic shape of the scotoma during its drift across the visual field 
and (b) the “completion of figure” described by Gelb and Poppelreuter 
as occurring in scotomas of traumatic origin. 

Over a period of years I have had opportunity to observe and map a 
large number of such scotomas, uncomplicated by any other symptoms 
of migraine. The scotoma usually occurs first as a small blind or seintil- 
lating spot, subtending less than 1 degree, in or immediately adjacent to 
the foveal field. This spot rapidly increases in size and drifts away from the 
fovea toward the temporal field of one side. Usually both quadrants of 
one side only are involved, the right and left being affected with about 
equal frequency. Occasionally the scotoma is confined to one quadrant. 
Rarely, there is complete hemianopia, and in one instance, in more than 
one hundred, there was complete blindness in both lower quadrants, 


with sparing of the macula. 


Rate of Drift 


The outline of the scotoma is readily charted by fixating a mark on a 
sheet of paper, moving a pencil toward the blind area along different 
radii and marking the places at which the point of the pencil disap- 
pears—the usual method for crude demonstration of the blind spot. When 
this is done, each scotomatous area is found to have a distinct shape, and 
When the charting is repeated at brief intervals, this specific shape is 
roughly preserved as the area drifts across the visual field. Figures 25.1, 
25.2, 25.3, and 25.4 show the successive positions and shapes of four 


2, 2 
such areas charted at intervals of from two to five minutes. Occasionally 


the shape is not well preserved, as in the area shown in Fig. 25.1. Gen- 
erally, however, within the region between the macula and the optic 
disk? the form is maintained, as shown in Figs. 25.2 and 25.4, and oc- 
casionally, as in Fig. 25.3, successive charting reveals almost perfect 
correspondence of forms. As the scotoma drifts to the temporal field ac- 
curate mapping becomes impossible, since the pencil point can no longer 
be clearly seen. . ! 

Not only does the form of the scotomatous area remain constant as it 
drifts across the visual field, but when there are fortification figures, 
these also maintain their characteristic pattern in each part of the area. 
The size of the fortification figures does not increase with increase in the 
size of the scotoma, but additional figures are added as the area grows. 
It is not possible to sketch the figures accurately. The rate of scintillation 
is near 10 per second * and the form changes rapidly, but small figures 


interfere with binocular charting of the scotoma, In 


3 The blind spots do not, of course, 
the: Rgurer the ee ct the blind spot: of the'homolateral eye is inserted to indicate, the 


Position and size of the scotoma in relation to the visual field. 
4 This rate is above the maximum for counting but well below the flicker fusion point. 


The rate may be related to the alpha rhythm. 
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can be distinguished from large and simple angles from polygonal figures. 
Differences of the sort indicated in Fig. 25.3 are unmistakably present 
and persist while the area drifts for considerable distances across the field. 
I have the impression, without adequate data to confirm it, that the size 
and shape of the fortification figures are constant for each radius of the 
field. That is, the pattern is finer and less complicated in the upper quad- 
rants than in the lower, as indicated in Figs. 25.4 and 25.5. If true, this 
suggests that the pattern is a function of the anatomic substratum, rather 


Fig. 25.1. Maps of a negative sco- 
toma confined to the lower left / 
quadrant. The successive sketches 
were made at intervals of no, four, 
nine, eleven, and twelve minutes 


i 
after the area was first noted. Al- 15y, ae 
ternate sketches are outlined with b baz p 
broken lines to avoid confusion. The m 
fixation point is marked by x. The Fig. 25.2. Maps of a scintillating 
dotted circle is an outline of the scotoma sketched at the intervals, ex- 
blind spot of the homolateral eye, to pressed in minutes, shown at the 
indicate the size of the visual field. left. Scintillations were confined to 
In this instance the form was not the region above the line ss, Ar- 
well maintained. rangement as in Fig, 25.1. 


than of the nature of the propagated disturbance. More certainly, when 
the fortification figures are limited to one part of the area, they continue 
in that part only throughout the entire drift, as shown in Fig, 25.2, 
Whatever the precipitating cause of the disturbance, these facts indi- 
cate that an inhibitory process, in the case of blind areas, or an excitatory 
process, in the case of scintillations, is initiated in one part of the visual 
cortex and spreads over an additional area. As the process spreads, 
activity at the point where it was initiated is extinguished, and the process 
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of extinction also spreads over the same area at about the same rate as 
does the active process. 

The increase in size of the scotoma as it passes toward the peripheral 
areas does not necessarily mean that the disturbance starts from a point 
and spreads to larger areas. Apparent size in the visual field is not related 
to the size of the excited region of the striate cortex, since the cortical field 
of the macula is probably as large as that of all the remaining retina (10). 
Apparent size must be determined at a later stage of integration, and in 
the case of smaller scotomas the actual extent of cortical area involved in 
the disturbance is probably constant as the disturbance drifts. 

The drift of the scotomatous area is what might be expected from the 
spread of excitation across a succession of reverberatory circuits, as de- 
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Fig. 25.4. Successive maps of a 
scintillating scotoma, to show char- 
ig. 25.3. Successive maps of a acteristic distribution of the fortifi- 
negative scotoma, arranged as Fig. cation figures. The x in each case 
25.1. indicates the fixation point. 


scribed by Lorente de Né (8), with the activity of the circuits extin- 
guished at the inner margin of the blind area at the same rate as it is 
Propagated to new circuits at the advancing margin. The rate of propa- 
gation may eventually have some significance. For a number of observa- 
tions the rate is fairly uniform. Ten to twelve minutes is required for 
Spread of the outer margin from the region of the macula to the blind spot 
of the homolateral eye. The rate beyond this point is rapid and difficult 
to estimate, but the total time required for the disturbance to spread from 
the macula area to the temporal field is approximately twenty minutes. A 
negative area of the size shown in Fig. 25.2 is determined by an inhibi- 
tory phase lasting for about five minutes. The development and the re- 
covery of complete hemianopia each requires about fifteen to twenty 
minutes, indicating a propagation of the disturbance at about the 
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same rate, with a longer period of inhibition, sometimes lasting half an 
hour. 

The anteroposterior length of the striate area is about 67 mm. (1). The 
disturbance starts very near the mid-line of the visual field, which is prob- 
ably projected near the oceipital pole; propagation to the temporal margin 
requires about twenty minutes. These figures give a rate of 3 mm. per 
minute or less for the propagation of the disturbance. 

In each attack the disturbance seems to spread with different character- 
istics along different radii of the visual field. Thus, in the scotoma sketched 
in Fig. 25.2 scintillations were confined to the 
upper quadrant and the duration of the inhibited 
phase was apparently greater in the lower part of 
the field than in the upper, as measured by the 
width of the band. The constriction in the band, 
shown in Fig. 25.3, indicates a negative phase of 
short duration, passing out along a definite radius 
above the margin of the lower quadrant. Poppel- 
reuter (9) has pointed out that in scotomas of 
traumatic origin there are indications of dynamic 
! organization of the visual field such that effects of 
i ss fatigue, etc., tend to spread along the radii of the 
A 3 x field, and the evidence from the scotomas of mi- 
= SEE graine leads to a similar conclusion. No anatomic 

(YA basis for such phenomena is known at present, but 
Fig. 25.5. Sketch to SOME anteroposterior polarization of the striate cor- 
show apparent dif- tex is indicated. f 
ferences in the for- The scintillations must represent a phase of in- 
tification figures. The tense excitation. The lines are of dazzling bright- 
coarser and more ness, subjectively of the order of direct sunlight 
complicated figures reflected from a white surface The all 
appear generally in om a ace. y occur along 
the lower part of the the advancing margin of the area,’ followed by 
field. the blind region, as if a wave of strong excitation 

were followed by a phase of total inhibition (Fig. 
25.4). However, part or all of the area may show no signs of excitation, 
yet advance at the same rate (Fig. 25.2, lower part). From this it seems 
that the inhibitory phase may spread without a preliminary phase of exci- 
tation, and at the same rate. Occasionally the negative phase fails to de- 
velop, and objects may be seen in the field immediately behind, or even 


5 In the early stages, when the area is near the macula, it may be entirely filled with 
scintillations, but later these form a band of varying width along the advancing margins. 
Circular bands radiating from a point have been reported, 


CEREBRAL FUNCTION AND MIGRAINE SCOTOMAS 417 


protracted inhibitory phase and the propagation of the inhibitory phase 
without evidence of previous excitation raise an important problem of 
the interrelations of these processes. 


Limitation of Spread 

The definite limitation of symptoms to those of primary visual dis- 
turbance argues for a sharp functional separation of the striate areas from 
adjacent regions of the cortex. The disturbance, spreading to a scintillat- 
ing or negative scotoma, is evidently intense, or at least dominant over 
other cortical activities; yet it appears to be blotted out completely at the 
margin of the striate cortex. Except for a very slight torticollis associated 
with complete hemianopia, I have been unable to detect any additional 
Symptoms during or after the scotoma. It seems to move off the side of the 
Visual field and leave no aftereffects whatever. The absence of any symp- 
toms associated with the peristriate areas indicates that the disturbance 
does not spread beyond the margin of the primary visual cortex. The inter- 
connections between architectonic areas must therefore be of a very 
different nature from those of a single area. 

In experiments with animals I have been unable to demonstrate any 
symptoms of visual disturbance after knife cuts which partially sever the 
Striate cortex from surrounding areas, even when difficult problems of 
visual generalization are used in the tests (6). The complete blocking of 
the excitatory wave of the scotoma suggests that in man also there may 
be a greater autonomy of function in the different architectonic areas 
than is generally assumed to be the case. 


Repetitive Patterns 

The activity within the scintillating area is perhaps of some theoretic 
interest, The scintillations have the form of distinct parallel lines, which 
cannot be counted but give the impression of groups of five or more. 
These seem to sweep across the figure toward the advancing margin and 
are constantly renewed at the inner margin, like the illusion of movement 
of a revolving screw. The pattern of lines and angles is much the same in 
the experience of all persons who have reported them. Its significance is 
in the reduplication of activity throughout a considerable area. Repetitive 
patterns of activity have been reported in other cases of pathologic corti- 
cal activity, They are frequently mentioned as characteristic of the visual 
hallucinations following mescal poisoning (4), and perhaps are repre- 
sented on the motor side of the convulsive movements of an epileptic 
attack, 

Such repetitive patterns should be predicted from the free spread of 
excitation through a uniform neural field having the structural ao 
ment of reverberatory circuits described by Lorente de N6 (7). Althoug h 
nothing is known of the actual nervous activity during the migraine, the 
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picture suggests that the propagated disturbance is so intense as to be 
independent of the afferent supply of the cortex and that the patterning 
represents the type of organization into which the cortical activity falls as 
a result of inherent properties of the architectonic structure. I have else- 
where outlined briefly a theory of cortical integration based on interfer- 
ence of spreading waves of excitation (12), and the patterning shown in 
the migraine scotomas is consistent with that theory. 


Completion of Figure 


The “principle of completion” in visual organization was first pointed 
out by Fuchs (2) and confirmed by Poppelreuter (9). It states that cer- 
tain simple geometric patterns (square, circle, triangle, stripes) when 
exposed so that a part falls within the blind field of a patient with hemi- 
anopia of traumatic origin are always perceived as complete figures, al- 
though it is certain that the part falling within the scotomatous area is 
not actually seen. When the migraine scotoma is without scintillations 
the same phenomenon may be observed. Two examples stand out in my 
experience in which there was opportunity for careful observation. 

A negative scotoma may completely escape observation, even when it 
is just off the macula, unless it obscures some object to which attention 
is directed. Talking with a friend, I glanced just to the right of his face 
whereon his head disappeared. His shoulders and necktie were still visible, 
but the vertical stripes in the wallpaper behind him seemed to extend 
right down to the necktie. Quick mapping revealed an area of total blind- 
ness covering about 30 degrees, just off the macula. It was quite impos- 
sible to see this as a blank area when projected on the striped wall or 
other uniformly patterned surface, although any intervening object 
failed to be seen, 

On another occasion, with complete hemianopia, including the macula, 
it was possible to divide a complex object on any line of fixation. A human 
face was sharply divided by fixating the tip of the nose, so that half, in- 
cluding one nostril only, was visible. At the same time it was impossible 
so to fixate a circular object that only half was seen. Fixating a chalk mark 
on the middle of a billiard ball failed to make any part of the ball invisi- 
ble, although the ball was considerably larger than the readily divided 
nose. 

These observations are of interest as showing that filling in the blind 
spot and the completion of figures in scotomatous areas are not the result 
of habits of disregarding blind areas or of identifying part figures. The 
phenomena appear immediately with new blind areas. They must, then, 
represent some intrinsic organizing function of the cortex. The figures 
completed are reduplicated patterns of very simple symmetric figures. 
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The relation of this fact to the tendency to reduplication in fortification 
figures and other patterns of “spontaneous” activity of the visual areas is 
suggestive of a common mechanism. 

Such phenomena can be made intelligible by the assumption that the 
integrative mechanism of the striate cortex tends to reproduce a pattern 
of excitation, aroused in one region, in any other region also if the latter 
is not dominated by different afferent patterns. Such a reduplication of 
patterns should result from the spreading of waves of excitation from 
points of initial stimulation, by analogy with the transmission of wave 
patterns on the surface of a liquid. Recent work on the histology of the 
cortex reveals an anatomic basis for radiation of such waves, in that the 
interconnections are so numerous as to constitute virtually a homogeneous 
conducting mechanism. 


Summary 

Maps of the scotomas of ophthalmic migraine sketched at brief intervals 
during an attack suggest that a wave of intense excitation is propagated 
at a rate of about 3 mm. per minute across the visual cortex. This wave is 
followed by complete inhibition of activity, with recovery progressing at 
the same rate. Sometimes the inhibition spreads without the preceding 
excitatory wave. Limitation of the disturbance to the primary visual cor- 
tex raises questions as to the nature of the interconnections between 
architectonic fields. The observations are interpreted in relation to the 
Possible integrative effects of radiating waves of excitation in the cortex. 
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cb. AN EXAMINATION OF THE 
“CONTINUITY THEORY” AS APPLIED 
TO DISCRIMINATIVE LEARNING' 


Some years ago Spence (16) proposed a theory of the nature of dis- 
criminative learning which he opposed to an earlier suggestion of mine to 
the effect that such learning involves a series of “attempted solutions” 
and should therefore be classed as an instance of learning by trial and 
error, rather than as one of direct conditioning. Krechevsky (8, 9) has 
been active in developing a systematic theory which has much in com- 
mon with my original suggestion, and a rather extensive controversial 
literature dealing with the subject has accumulated. The position opposed 
to the theory of Spence, which has borne various names, has recently 
been rechristened the “Lashley theory” (19). Since Spence’s treatment 
of the foundling seems less than just, I am willing to accept the responsi- 
bilities of paternity, though from a certain purposive cast in the infant’s 
features I suspect that I am cuckold. 

Without reviewing the discussion in detail I shall state the chief ques- 
tions at issue, examine the evidence which has been published, and pre- 
Sent additional evidence which seems crucial. The theory of Spence 
was deduced from the fundamental assumptions of conditioned-reflex 
theory. The validity of some of those assumptions is questionable, but 
they are not readily tested and it is not necessary to do so in order to 
evaluate the derived theory of discriminative learning. 

The basic proposition of this conditioned-reflex theory of discrimination 
has been stated succinctly by McCulloch (13, p. 76). “According to 
Association theory, all stimuli acting at the time of response become 
associated with that response.” ? This is the proposition which is denied 


l EDITORS’ Nore: From J. gen. Psychol, 1942, 26, 241-265. Reproduced by permission 
from The Journal "i Rie aboratory of physiological psychology, Harvard University. 
„In the discussions of Spence and McCulloch reference is made to “stimuli” and to 
aspects of a stimulus.” Hull (3) has previously described the elements” or “com- 
Ponents of the stimulus complex” as independently associated and exciting response by an 
additive action, This difference in terminology may be a source of confusion, I take it that 
no distinction is implied. Thus a white circle on a black ground has properties of form, 
Surface area, linear dimensions, surface luminosity, total luminosity, contrast, etc. These are 
called stimuli or aspects, elements or components of the stimulus, according to the usage of 
the various writers, 
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in the present discussion. Since conditioned-reflex theory further assumes 
that each stimulation combined with a reaction increases the effectiveness 
of that stimulus for eliciting the reaction, it follows that there will be a 
continuous strengthening of the association, as a function of the number 
of times that such combined stimulation has occurred. This derived propo- 
sition has been termed the “continuity theory.” Special assumptions con- 
cerning the quantitative relations are irrelevant to the present discussion. 

From these propositions Spence goes on to account for discrimination 
in terms of the familiar Pavlovian theory of differential conditioning. The 
theory regards discrimination as composed of two independent reactions 
determined by the relative excitatory strengths of the stimuli discrimi- 
nated, as built up by reinforcement or reduced by experimental extinction. 
This aspect of the theory will be considered here only in so far as it im- 
plies that all of the differentiating properties of the stimuli are associated 
and contribute by summation to the excitatory value of the stimulus as a 
whole (3). 

The assumptions of the opposed theory are: 

1. The mechanism of nervous integration is such that when any com- 
plex of stimuli arouses nervous activity, that activity is immediately or- 
ganized and certain elements or components become dominant for reac- 
tion while others become ineffective. This constitutes a “set” to react to 
certain elements. Such an organization is in part described by gestalt 
principles of perception, in part by principles of attention. 

2. In any trial of a training series, only those components of the 
stimulating situation which are dominant in the organization are associ- 
ated. Other stimuli which excite the receptors are not associated because 
the animal is not set to react to them. 

From these assumptions it follows that learning will not be continu- 
ously cumulative throughout training but will vary with the perceptual 
organization and “set” of the animal. It follows also that the discrimina- 
tive reaction will usually be based upon only a limited part of the total 
number of differentiating properties of the stimuli. The cues to which the 
animals react will depend upon the particular perceptual organization 
which was dominant during learning. This dominance is regarded as the 
result of (a) an active process of comparing by which the traces of the 
two stimuli are brought into a common perceptual field and (b) inherent 
organizing tendencies which concentrate activity upon the “conspicuous” 
differences between the stimuli. The particular aspects of the stimulus 
which are associated cannot be predicted on the basis of the theory of 
differential conditioning. 

In my original statement I suggested (10) that position reactions, re- 
sponses to irrelevant cues, and the like, represent attempts at solution of 
the problem and that practice during such false attempts is ineffective 
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for learning. The phrase “attempt at solution” is anthropomorphic but 
conforms with the usage in older descriptions of learning by trial and 
error, which did not imply voluntarism. To clarify the phrase in con- 
formity with the above assumptions requires elaboration, The animal 
comes to the situation with certain perceptual and sensory-motor organi- 
zations. The situation elicits these in an order which is unexplained (per- 
haps “chance,” or relative excitability of different systems) but is clearly 
not a simple function of the external situation. To say that the animal 
“tries” one organized response implies no more than that the reaction to 
one rather than another of two physically equivalent stimuli is deter- 
mined by some unknown internal factor. To ascribe other meaning to the 
statement is to admit that man has some volitional function which animals 
lack. Some phases of the discussion may have arisen from the ambiguity of 
this expression, but the major issue concerns the effectiveness of practice 
during the dominance of aspects of the problem situation other than those 
to be learned. 

Since the postulated shifts of perceptual organization are difficult to 
demonstrate in an animal, the occurrence of systematic position reactions 
Or systematic errors is accepted as indicative of a set to react to spacial or 
kinesthetic cues which may prevent the association of simultaneously 
acting differential stimuli. For this reason discussion has centered on the 
question whether association with the stimulus-to-be-learned occurs 
during the dominance of reaction to position. Absence of systematic 
errors does not preclude the existence of some other set or perceptual 
Organization which might interfere with learning but, if this exists, it must 
then be revealed through some other form of behavior, difficult to 


identify at present. 


Indecisive Experiments 

Two types of experiment designed to test the regularly cumulative 
effect of practice have been reported. Using the string-pulling technique, 
McCulloch and Pratt (14) trained different groups of rats with one of 
two Weights positive for certain numbers of trials, then reversed training 
and determined the amount of interference resulting. They found retard- 
ing effects from all amounts of initial negative training, roughly propor- 
tional to the number of errors made. Krechevsky (8) repeated the experi- 
ment using a difficult problem of visual discrimination and obtained 
OPposite results. These two experiments have been exhaustively dis- 
cussed (7, 8, 9, 13, 15, 16, 19). ; 

As his major criticism of Krechevsky's experiment Spence has stressed 
the possibility that the conditions were not adequate for stimulation. He 
Tepeats that “the mere presence of the cue stimulus somewhere in the 
experimental situation does not guarantee its impingement on the ani- 
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mal’s sensorium at or near the critical moment of response.” “Impinge- 
ment on the sensorium” is ambiguous. Hull (4, p- 11) identifies it with 
making a “junction with the system of visual end organs,” which perhaps 
means excitation of receptor cells. The rat’s visual field includes some- 
thing more than 300 degrees. The binocular field covers between 30 and 
100 degrees, depending on convergence (11). When the animal orients 
to jump in the discrimination apparatus the image of the differential stim- 
ulus necessarily falls on the binocular field of the retinae, so that the 
question of adequate stimulation seemed controlled in Krechevsky’s ex- 
periment. However, Spence now seems to require that the animal “look 
at” a particular “aspect” of the situation (19, p. 432) and suggests that 
when the rat fixates the lower part of the stimulus cards the stimuli on 
the upper part of the cards (12 degrees distant) do not impinge on its 
sensorium. “They did not ‘see’ the rows of black squares because they 
were fixating other aspects of the stimulus complex.” These statements 
imply that the “sensorium” is identified with “focus of attention,” and 
both Spence and McCulloch indicate that they consider such statements 
to be, in fact, a discussion of attention. If so, the original proposition 
becomes “all stimuli in the focus of attention at the time of response 
become associated with that response,” and their whole discussion be- 
comes pointless. If not, the criticism of Krechevsky’s experiment is invalid. 
The outcome of this discussion of the McCulloch and Pratt experiment is 
that the proponents of each theory have suggested possible but unproved 
defects in the experiment unfavorable to their assumptions and the results 
remain contradictory and inconclusive. . . .3 


Test of the Major Hypotheses 


The question whether all stimuli acting at the time of response become 
associated with the response or whether the set of the animal determines 
a selective association can be tested by very simple experiments. If the 
animal is given a preliminary organization or set to respond to one com- 
ponent of a stimulus and then is trained in a situation where this com- 
ponent is combined with another, conditioned-reflex theory requires that 
both components be associated. The alternate theory predicts that no 
new association will be formed, provided that the new component does 
not arouse a perceptual organization dominant over the first. 

These alternatives were tested by the following experiments: Four rats 

TRDNE NOTE: Most of pages 245 to 257 of original article are not reproduced here. 

„4 Spence published his original formulation as a theory of diseriminative learning (16) 
without limitation as to the kind of stimuli discriminated. Later (17) he applied the theory 
to the discriminative learning of visual forms, We are now informed (19) that “. , . the 


manner in which complex patterns are reacted to is not dealt with at all, Indeed the whole 
problem of patterning is omitted from discussion because 
on the learning process in situations where the perceptual response is as simple as possible.” 
Since the simplicity of a perceptual response cannot be defined in terms of the objective 
situation, the theory may no longer be capable of factual evaluation. 
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were trained to choose the larger of two circles, 10 and 6 cm. in diameter, 
averaging 95 trials, 14 errors for learning. This, presumably, established a 
set to react on the basis of size. When they had reached the criterion of 
20 successive errorless trials, an equilateral triangle, 10 cm. to the side, 
was substituted for the larger circle. All chose the triangle without error 
in 10 critical trials. They were then given 200 training trials with the 
large triangle positive, the small circle negative, making an average 
of 1.5 errors in the 200 trials.® Two hundred trials is more than twice the 
usual practice required for learning triangle vs. circle as an initial prob- 
lem. By conditioned-reflex theory this training should have established a 
discriminative reaction to the triangle and circle as figures, since the 
new stimuli (or stimulus components) receive facilitation throughout 
200 trials and should therefore be associated with the reaction. 

The next step in the experiment was to present the animals with a tri- 
angle and circle of equal surface area (50 sq. cm.) in critical trials, that 
is, in preference tests. In 20 trials with new figures, each of the animals 
jumped to one door of the apparatus, right or left, in 19 or 20 trials, show- 
ing no preference whatever for either triangle or circle. Retraining with 
the large triangle and small circle for 20 trials (without error) was next 
followed by preference trials with a small triangle and large circle, re- 
Versing the size relations. All animals chose the large circle in 20 of 20 
critical trials. In spite of the opportunity for association of reaction with 
the differentiating shapes of the figures and the absence of any common 
attributes of form in the positive and negative situations which might 
extinguish such an association, form was not associated. 

Several experiments of this general pattern have been carried out with 
essentially the same result. If the animals are given a set to react to one 
aspect of a stimulus situation, large amounts of training do not establish 
association with other aspects, so long as the original set remains effective 
for reaching the food. In the one instance where a suggestion of associa- 
tion with the new aspect of the stimulus appeared, the patterns added 
to the original size difference were conspicuously different and of such 
a character as to obscure somewhat the difference in size; a six-pointed 
Star with long points vs. a triangle of larger surface area but smaller 
inear dimensions. 

Such experiments flatly contradict the fundamental proposition of the 
Conditioned-reflex theory of discriminative learning. In terms of excitatory 
a nee ont ine of es ey a let 
an object the animal must fixate the object. Size is not a function of a part of the object 
but of the whole object, (The possibility that reaction is to a limited part, as to the curva- 
ture of a side, has been eliminated by many experiments in which marked changes in form 


ot disturb a reaction associated with size.) There is no peripheral mechanism whicl 
will fixate or focus the size of an object and not its form. If the size of the object stimulates 


the sense organ, so must its form. 
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value for the reaction the first training, in the experiment reported, facili- 
tates reaction to the larger circle by the effects of 81 positive reactions and 
reduces the excitatory value of the smaller by whatever amount 14 
punished errors may give. Two hundred trials add to the excitatory value 
of “large” by a proportionate amount, and 1.5 errors detract from 
“small.” At the same time the forms receive the same or a greater amount 
of facilitation. Even though the curve of effectiveness of training is one of 
diminishing returns, the reduced effects after the initial training should 
apply only to the initial stimuli, so that the relative effects of the later 200 
trials would be greater for form than for size, When the animals are 
presented with forms of equal size, since in association the various com- 
ponents of the stimulus have single additive function in arousing response 
(4), the positive stimulus still has left, after the subtraction of 81 units 
of excitatory value, the 200 units from the second training series. Simi- 
larly, the negative stimulus loses 14 units of inhibition but has remaining 
the additional 1.5. The difference of 201.5 greatly exceeds the amount 
necessary to arouse a differential reaction. This, however, does not occur. 

There are a number of recorded experiments which show that, even 
without an experimentally induced set, the animal usually associates only 
a few of the stimuli with respect to which the positive and negative situa- 
tions differ. Chang (1) trained rats in a differential reaction between 
figures which differed with respect to both size and form. Those animals 
which were trained to choose the larger of the two figures reacted exclu- 
sively on the basis of size, those trained with the small figure positive 
reacted exclusively to the form. The reason for selection of the specific 
properties is irrelevant to the present argument. In each case the asso- 
ciation involved only one of the discriminable properties of the stimuli. 

I have reported a variety of experiments in which, after animals had 
been trained in differential reaction to complex patterns of stimuli, tests 
to determine the basis of reaction showed that (a) parts of stimulus pat- 
terns which might have served as differentiating cues acquired no ex- 
citatory value for the reaction; (b) differentiating dimensions, size, 
brightness, pattern and the like may remain unassociated; (c) individual 
differences between animals with respect to what is associated are so great 
that only rarely can the selection be ascribed to the conditions of training; 
(d) elements of the situation which are associated are generally those 
which combine readily according to gestalt laws of perception; (e) items 
which are not readily organized into figures (dots scattered at random, for 
example) cannot be associated with a differential reaction, within the 
usual limits of training (12). 

All such evidence is inconsistent with the proposition that all stimuli 
which affect the sense organs during a reaction are associated with that 
reaction. The experiments which have been reported as supporting the 
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continuity theory have been shown to be inconclusive and evidence from 
more direct tests of the matter is decisively opposed to the theory. Only 
those stimuli or aspects of a stimulus to which the animal is set to react 
during training will elicit the discriminative reaction after training. 

The bearing of systematic position errors upon the problem remains un- 
determined. There is no positive evidence that learning of the differential 
stimuli occurs while the animal is set to react to position and inference 
from the influence of set toward other aspects of the stimulus situation 
leads to the conclusion that such learning probably does not occur. The 
matter is of slight importance, however, since the major premise of the 
continuity theory has been shown by other methods to be false. 


Other Forms of Conditioned-reflex Theory 


A variant of conditioned-reflex theory of discriminative learning is that 

of Gulliksen and Wolfle (2). These authors do not assume, as does Spence, 
that all simultaneously acting stimuli are associated with the response, 
but that directional reactions are associated with the positive and negative 
stimuli as a unit. That is, the combined stimuli on the two doors of the 
jumping apparatus constitute a single configuration and the interchange 
of the figures on the two doors produces a different total configuration. 
With one of these the animal associates a jump to the right and with the 
other, a jump to the left (primary assumption). 
_ In support of this assumption the authors describe an experiment. The 
Jumping apparatus was arranged to present a large and a small circle 
which throughout training were kept in a constant position. Rats were 
trained to jump to one of these, e.g., always to the large circle on the right. 
When this was learned the animals were tested by interchange of the two 
figures to determine whether they would react to the changed visual 
Situation or would continue to jump to the same side of the apparatus. The 
Majority continued the original direction of jumping. From this fact the 
authors conclude that the rats had learned a directional response. They 
then go on to develop a theory which assumes that the directional re- 
sponse was to the visual stimuli. “Seventeen of the 24 animals responded 
to the test configurations on a directional basis and only seven on a bright- 
ness basis.” Of course the experiment shows nothing of the sort. With 
similar training blind rats would all have responded on a directional 
basis, but could scarcely have been accused of reaction to the test con- 
figurations. The experiment proves nothing except, perhaps, that the 
Majority of rats do not develop discriminative reactions under such con- 
ditions. 

Although the authors’ elaborate development of their hypothesis is con- 
Sistent with some facts of learning, the primary assumption is in direct 
Contradiction to many established facts. 
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1. In an experiment reported earlier (12) I trained rats to choose one 
of three circles differing in size. Different animals were trained positive 
to the largest, to the intermediate, and to the smallest circle, exposed in 
a jumping stand with three doors. According to the hypothesis the per- 
mutations in position of the three figures give six configurations to be 
associated with three directional responses. The hypothesis predicts that 
the rate of learning will be the same, no matter which reaction is required 
to be associated with each configuration, since each association is an 
independent directional response to a distinct configuration (provided, 
of course, that there are no preexisting directional associations with any of 
the configurations, and in such experiments these are known to be slight 
and easily counteracted by training). The actual outcome of the experi- 
ment was that learning is quick when the smallest or largest circle is 
positive and impossible when the intermediate is positive. The prediction 
of the hypothesis is contrary to fact. ` 

2. Animals were trained to a triangle and circle, triangle positive. The 
theory predicts that when two circles or two triangles are yyresented the 
animal’s reaction will in either case be the same, since in both cases the 
configurations no longer present cues to directional response. Actually 
the animals jump readily to either triangle and refuse to jump to the 
eircles. The prediction is contrary to fact. 

It is unnecessary to cite further examples to prove that the funda- 
mental postulate of the Gulliksen-Wolfle theory is false. 


“Purposive” Character of “Attempts at Solution” 


In comparing theories of discriminative learning I have refrained from 
discussing the “purposive” character of the behavior, which has aroused 
some earlier controversy, beyond pointing out that the Phrase “attempt at 
solution” does not imply indeterminate behavior unle 
determinism in human choice reactions. Such expressions are objectionable 
because of the halo of metaphysical association which surrounds them and 
have, perhaps, led to some misunderstanding of the implications of the 
two opposed theories (19, p. 287). 

The meaning which the 
derived from the general 
reactions like alternation, 1 
are organized reactions, 
problem-box situation are 
ditions of training. This impli 
acter of the various organizations. 


SS one assumes in- 


phrase “attempt at solution” sought to convey, 
conception of trial-and-error learning, is that 
size of a visual figure, 
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tion of that place, exhibiting patterns of movement not previously asso- 
ciated with the immediate situation but necessary to maintain the orienta- 
tion. I have said that such behavior exhibits equivalence of reactions. 
Others have termed it “goal-directed behavior” and the like. Spence pre- 
Supposes it in his statement, “It may be assumed that the organism has 
acquired, in its past experience, reaction tendencies of orienting toward 
and approaching each of the stimuli...” (16, p- 434). Krechevsky 
seeks to relate the sensory-motor components of the discriminative re- 
actions to the same problem, saying in Tolmanesque language, that not 
only is orientation maintained by substitution of motor patterns but by 
substitution of perceptual organizations (7). None of us has done more 
with the problem than to state it in terms which are derived from and 
related to our individual fields of interest. All the statements represent 
efforts to escape from the implications of a metaphysical finalism, but 
no solution of the problem. 


Quantitative Hypotheses in Theories of Discriminative Learning 


In the quantitative formulation of his theory Spence has sought to 
account for the successive appearance of the organized reactions in terms 
of relative increase or decrease of the excitatory values of the stimuli 
through the effects of repetitive association. This may be possible, by mak- 
ing certain additional assumptions concerning the relative excitability of 
various perceptual organizations, but there are indications that the ease 
with which various configurations are organized in perception does not 
obey simple quantitative laws and is relatively independent of external 
Conditions of stimulation, so that whether a rat sees and reacts to the 
Size or shape of an entire figure, or to only a corner of it, or to the distance 
from the frame, and the order in which such reactions appear cannot be 
defined as a function of the number of facilitations or inhibitions which 
each of these receives during training. Certain perceptual configurations 
may “spring out” of a situation as a result of determining factors too 
obscure and complex for present analysis and may completely change the 
tate of learning. Thus a figure lacking identifiability (20, p. 88) may be 
impossible of memorization (recognition) until some portion of it is sud- 
denly perceived as the crude outline of a familiar object. This one experi- 
ence then suffices for future recognition. 

Perhaps the basic difference in point of view which has given rise to 
this discussion is with respect to the origin of perceptual organization. 
Pavlov and his followers have assumed that all elements of a stimulus 
which excite the receptor are, primitively, equally effective for behavior, 
and have sought to account for perceptual organization in terms of 
stimulus contiguity and repetition. Opposed to this is the view that 
Perceptual organization is a function of inherent characteristics (nervous 
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structure) of the organism and always antedates association. Such a con- 
ception should, in turn, be distinguished from that expressed in field 
theories, which seem to hold that the process of organization (closure) is 
identical with fixation in memory. 

I am not unsympathetic with the type of quantitative theory which 
members of the Pavlovian group have been trying to develop. Learning 
theory must ultimately be cast in some such form, if it is to deal ade. 
quately with the established quantitative relations between practice and 
improvement. But a survey of the phenomena of learning suggests that 
other variations in addition to repetitive facilitation must be taken into 
account as important factors in determining the rate of association in 
discriminative learning. One of those variables is the ease with which 
figural organization can be imposed upon physically independent items 
in the stimulus. For the present this variable cannot be quantified and 
until it can be, quantitative theories of learning are apt to prove abortive. 


Summary 


The fundamental proposition of theories of discriminative learning, as 
derived from general conditioned-reflex theory, is that all stimuli which 
are exciting the receptors during a reaction are associated with that re- 
action. From this the “continuity theory” of discriminative learning has 
been derived. Experiments published in support of the continuity theory 
have been examined and showned to be indecisive. Other evidence has 
been presented which is incompatible with the assumptions of that theory. 
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e7. STUDIES OF CEREBRAL FUNCTION 
IN LEARNING. XII. Loss of the Maze 
Habit after Occipital Lesions 
in Blind Rats! 


In a number of experiments dealing with the effects of cerebral damage 
in the rat a reliable correlation between the extent of surface destruc- 
tion and the loss of efficiency in various tasks has been demonstrated. The 
correct interpretation of this relationship is still obscure. Several alterna- 
tive explanations have been proposed and attempts made to test their 
validity, but lack of precise data concerning the extent of diverse func- 
tional areas of the rat’s brain has rendered some of the tests inconclusive. 
Recent anatomic analysis of the sensory projection fields (11), supported 
by accumulated data on the sensory functions of the cortex, now makes 
possible a more thorough control of important variables. The principal 
factors which might produce increasing deterioration with increasing size 
of lesion, together with such controls as have been previously reported, 
are listed below. 


1. Indirect Effects of the Lesion. Damage to the central nervous system might 
cause a lowered efficiency of nervous tissue not involved in the lesion through 
the toxic action of products of cell degeneration, changes in circulation with 
resultant trophic disturbances (17), mechanical distortion and pressure, or 
diaschisis (16). The action of such agencies has sometimes been assumed to be 
proportionate to the extent of the lesion. These suggestions have been effectively 
ruled out by experiments showing (a) that the quantitative relation persists for 
long intervals after the cerebral insult (9, 14); (b) that mechanical distortion 
by dilatation of the ventricles with resultant circul 
duce deterioration (13); and (c) that sm 
carry on their specialized functions in 

2. Invasion of Critical Areas. The 


be dependent upon the normal activity of some limited cortical area. If so, the 
larger the lesion, the grea 


greater the chance of invading this critical area and de- 


= relation between extent of lesion 
in the oceipital cortex and postoperative loss of habits based on brightness dis- 


latory changes does not pro- 
all remnants of a cortical area may 


1 EDITORS’ NOTE: From J. comp. Neurol., 1943, 79, 
of The Wistar Institute. From Harvard University a 
Biology. 
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crimination is due to the relative frequency of invasion of the binocular projec- 
tion field by small and large lesions (10). However, in other tasks such as maze 
running the relation between extent of lesion and deterioration of performance 
is equally close and the possibility of a single critical area is precluded by the 
fact that deterioration is produced by lesions in different parts of the cortex 
which involve no common area. 

3. Summated Sensory Defects. Learning the maze and similar tasks involves 
the integration of visual, olfactory, tactile, and other sensory cues. The larger 
the lesion, the greater the chance of depriving the animal of more than one of 
these sense modalities and so reducing the number of cues available for orienta- 
tion or of destroying the sensory basis of preexisting habits. Hunter (6) and 
Finley (4) have pointed out that, although loss of one sense modality may have 
little effect on maze performance, combined loss of two or more modalities may 
Produce serious deterioration (2) and have assumed that loss of the maze habit 
after cerebral lesions is primarily due to sensory defects. Tests of the influence 
of sense privation of central origin have taken three forms: 

a. The effects of peripheral sense privation have been compared with the 
effects of destruction of the corresponding cerebral sensory fields. It has been 
found that cerebral lesions produce a more serious deterioration than does 
Peripheral sense privation, even when several sense modalities are impaired 
(10, pp. 24-28). 

b. Since different senses do not contribute equally to maze learning, lesions 
of the same magnitude should not produce equal degrees of deterioration. A first 
study (9) indicated equal deterioration from equal lesions in different areas but 
a later study (14) gave equivocal results. 

c. The theory of strict localization ascribes diverse and unique functions to 
each cortical area. On such a theory a primary sensory area such as the area 
Striata has no other function than the integration of excitation from its particular 
Sense organ, Consequently, if a sense modality is eliminated by removal of the 
Sense organ, the corresponding sensory area of the cortex should play no further 
Part in the activities of the animal and its destruction should not affect habits 
acquired after sense privation. I 

To test this assumption, animals blinded by enucleation of the eyes were 
trained in a maze, then subjected to operation which destroyed the visual cortex, 
and tested for retention of the habit. Lesions in the occipital region were found 
to be as effective in eliminating the maze habit in such animals as in animals 
trained with visi 9, 20). 

These a ia were carried out before the specialized areas 
of the rat’s cortex had been accurately mapped. In most cases lesions involving 
One sensory area extended into one or more additional cortical fields. Finley (4) 
possible importance of slight invasion of one 
Cortical field when combined with total destruction of another. The value of this 
Suggestion is questionable, since small lesions generally produce little disturbance 
in the functions of a specialized field, but the available evidence on the influence 
of such composite lesions is inconclusive and a more comprehensive study of 
the matter is required before the cumulative effect of loss of diverse sensory 


functions can be evaluated. 


as recently emphasized the 
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4. Progressive Invasion of “Association Areas” with Increasing Size of Lesin 
No direct tests of this possibility are available. I have reported in Various) pest 
experiments the records of cases with destruction of possible association ares 
wy small lesions without significant loss of the maze habit, so that it is clear that 

the habit is not dependent upon any single associative area. 

5. Interference with Interaction of Diverse Functional Areas. Cerebral lesions 
may interrupt specific transcortical connections between areas not directly 
damaged. Thus deterioration following a lesion might express both the loss of 
a specific cortical area and interference with the functional interaction of other 
areas, the latter in proportion to the extent of damage. The importance of long 
transcortical connections seems to have been somewhat exaggerated, since recent 
anatomic studies fail to reveal the elaborate system of transcortical fibers de- 
scribed by earlier anatomists (3). I have found that partial isolation of the 
visual cortex does not seriously affect its function in the control of reactions to 
complex visual situations (12). 

6. Reduced Dynamic Action of the Cortex. Goltz (5) first called attention 
to the relation between extent of lesion and degree of intellectual defect. He 
sought to explain the relation as a result of a reduction in the capacity for atten- 
tion. Because of the apparent equality of effects of cerebral lesions in various 
areas upon maze learning and retention I have suggested that various parts of 
the cortex have some common function and that destruction of any region may 
reduce the efficiency of the rest. This is a sort of residual hypothesis which 
cannot at present be tested directly and receives support only if the more con- 
crete theories of localization and interaction of specific functions prove inade- 
quate to account for the effects of cerebral lesions. 

In indirect support of this hypothesis the evidence for loss of the maze habit 
after destruction of the visual cortex by animals which were peripherally blinded 
before training was cited as showing that the visual cortex has some function 
in maze learning in addition to visual reception (9). Since the lesions in those 
blind animals extended beyond the limits now established for the area striata, 


the experiments failed to establish loss of the habit from damage to the visual 
area alone. 


Object of the Present Experiments 


Ideally, a conclusive test for nonvisual functions of the visual cortex 
should consist of training peripherally blinded animals, then me 


asuring 
the effect of lesions strictly limited to the 


area striata. Such an experiment 
is practically impossible since the minimal size of lesion which produces 


measurable deterioration of maze performance approximates the 
the visual cortex and since the topographic relations of the are 
are such that extensive damage to it necessarily involves some d 
adjacent structures. The complementary experiment involving comparison 
in blind animals of destruction of the striate cortex plus adjacent areas 
with destruction of those areas alone is also impracticable because destruc- 
tion of retrosplenial areas and of the dorsal convexity of the hippocampus 


area of 
a striata 
amage to 
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cannot be carried out without extensive damage to the overlying visual 
areas. 

It is possible, however, to compare the effects of total destruction of 
the striate areas plus adjacent structures with the effects of interruption 
of sensory paths to the occipital lobes, to determine whether loss of the 
maze habit after occipital lesions is due to other sensory defects in addi- 
tion to blindness. It is also possible in a series of cases with occipital 
lesions to determine whether the invasion of any particular area, in addi- 
tion to the visual, contributes to deterioration of the habit, and to test 
the effects of damage to at least some of the more accessible nonvisual 
structures, such as the hippocampal lobes, upon the maze performance 
of blind animals. 

The experiments reported below wer 


following points: (a) The effects of p 
performance. (b) The effects of cutting the posterior thalamic radiation 


with minimal damage to the cortex. This operation destroys most if not 
all of the sensory connections of the occipital lobe and also, in a majority 
of cases, resulted in extensive damage to the hippocampal lobes. (c) The 
effects of total destruction of the striate cortex, with some adjacent areas, 
on the performance of animals which had learned to traverse the maze 
without visual cues. (d) Comparative effects of destruction of the striate 


area in combination with various adjacent structures. 


e planned to give data on the 
eripheral blindness upon maze 


Topographic Relations of the Rat’s Visual Cortex 
visual system seems to be limited to the 
area striata, as identified by the granular structure of lamina IV. The following 
description is based upon a comparison of the rat’s cortex with the figures and 
criteria given by Rose (18) for the mouse and my previous study of the pro- 
jection of the sensory thalamus (11). The me: sial and occipital borders of 
the area striata are bounded by the area peristriata and by the area retro- 
splenialis agranularis, which forms the lip of the longitudinal fissure and the 
caudal margin of the hemisphere (Fig. 27.1). The lateral margin of the striate 
area is in contact with the area ectorhin: and with the projection field of the 
lateral nucleus, pars posterior. The latter seems to be a continuation of the area 
parietalis, Rose describes an area occip djacent to the anterolateral margin 
of the striate area but I doubt the functional validity of this division. The mesial 
portion of his area occipitalis certainly receives fibers from the lateral nucleus 
and the lateral portion from the medial geniculate nucleus. { 
The anterior margin of the striate area is bounded by the area parietalis, 
which is the projection field of the nucleus lateralis, pars principalis. The pre- 
subicular and subicular areas underlie the caudal portion of the striate area an 
the cephalic margin of the area covers the dorsal convexity of the cornu 
Ammonis. ae 
The total thickness of the visual cortex does not exceed 2 mm., so that it is 
impossible to remove it without some damage to underlying structures. 


The cortical projection of the rat’s 
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Experiments ‘ 
a a acs of animals were used to test the effects of peripheral 
hr ere ; 
i inding and of occipital lesions, ; 
an ek by enucleation of the eyes. Trained to errorless per- 
formance in the maze. 


par. t str. ey 


Auen 
ee oz, 


(b) 


Fig. 27.1. Sketches of sagittal (a) and coronal (b 
to show topographic relations. c.a., cornu Amm 
€S., superior colliculus; ec., area ectorhinalis; f.d., fascia 


) sections of the rat’s cortex 
onis; c.i., inferior colliculus; 
dentata; 1.p.p., field 
a., post-auditory area; 
str., area peristriata; tsag., area 
Tsg., area retrosplenialis granularis; str., area striata; 


of lateral nudeus, pars posterior; oc., area occipitalis; P- 
par., area parietalis; ps., area presubicularis; p 
retrosplenialis agranularis; 
sub., subiculum. x 14. 


Group II. Normal animals trained in the maze; 
trained to errorless performance (postblind retention 
Groups I and II combined. When both groups 
performance without visual cues the striate areas 


10 to 15 days for recovery they were retrained for fifty trials 


eyes enucleated; re- 
tests), 
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retention test). The average scores for the two groups in this test were 
not reliably different, so the data have been treated together. 

Group III. Normal animals trained to errorless performance in the 
maze. Incisions were made with a fine knife through the posterior thalamic 
radiation on each side. After 10 days for recovery they were retrained to 
the criterion. These animals were selected from a large number used in 
another experiment to test the effects of cutting various thalamo-cortical 
paths. All cases from the larger series involving extensive damage to the 
optic radiation were included, except four, which were excluded because 
of extensive damage to or complete isolation of the visual cortex, invasion 
of the colliculi, or complete destruction of the radiation of the ventral 


nucleus, 
Methods 


Animals. Male black rats from a strain derived from a cross of Wistar albinos 
with trapped wild were used. They averaged 120 days of age at the beginning 
of the experiment. 

Operations. All operations were performed under deep ether anesthesia. The 
thalamic radiations were cut with a small iris knife. The visual cortex was de- 
stroyed by thermocautery. 

Histological Methods. The brains were sectioned and stained with thionin. 
Cortical lesions were reconstructed by the usual graphic method. The diagrams 
used to represent them were prepared to show the projection fields of the various 
thalamic nuclei (11). The cross lines represent intervals of 1 mm. in the adult 
brain, 

All of the thalamic nuclei of each brain were examined for retrograde de- 
generation and that found was recorded on a 5-point scale ranging from 0 to 
4, the highest figure indicating degeneration as severe as that following hemi- 
decortication. 

The areas surrounding the occipital lesion were examined and damage to 
the retrosplenial, subicular, and ectorhinal areas, and to the hippocampal lobes, 
which would not be revealed by study of the thalamus, was recorded. Damage 
to the hippocampi is shown on a diagram representing these structures un- 
rolled on a horizontal plane. 

Training. With food as incentive, the rats were trained in an eight cul de 
sac, rectangular, enclosed maze (9, maze III) with five trials per day to a 
criterion of five consecutive errorless trials. The floor of the maze was arranged 
with electric contacts wired to a counter, so that errors were summed auto- 
matically for each trial. After training all animals were given a rest period of 
10 days, then retrained to the criterion before operation. 


Effect of Peripheral Blinding upon Initial Learning 
For groups [I (blind) and II (normal)] the average scores in initial 


learning ? were the following: 

2 EDITORS?” Ni : bli iving original training and postoperative retraining scores 
for individual ak as a ake ahas of the lesions of individual animals have er 
been reproduced. Group I consisted of 23 animals, group II of 19 animals, and group 
of 11 animals. 
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Trials Errors 
Group II (normal) 17.4412 c=74 50.4+ 3.9 
Group I (blind) 23.7 + 1.2 o=87 1160+ 9. 
Difference 6.3 + 1.7 65.6 + 10.0 
Percentage difference 37 131 


The blind animal is evidently slower in learning th 
He wanders somewhat at random, retraces frequently, 
dence of early generalization of direction in the maze. The error score is 
much increased above the normal. The number of trials required for 
learning is, however, not much greater than that required by normal ani- 
mals and the difference is barely reliable. The proportionately greater 
increase in error scores than in trial scores produced by blinding indicates 
that although the blind animal has difficulty in gaining orientation, he has 
relatively little difficulty in remembering the correct path once orientation 
has been acquired or adequate cues identified. 


Effect of Peripheral Blinding upon Retention 


The importance of visual cues for maze learning is 
the inaccuracy of maze performance following the bli 
which learned the maze with vision intact. 
the group are the following: 


= 1 En 


an is the normal. 
and gives less evi- 


also indicated by 
nding of animals 
- - - The average scores for 


Trials Errors 
Initial learning 17.4412 c= 74 50.4 + 3.9 c = 25.6 
Preliminary retention 2.5 +05 o= 32 14 #02 c= 16 
Postblind retention 11.6 + 1.6 = 


c = 10.7 46.3 + 7.1 c = 46.3 


As in initial learning by blind 
affected than that for trials. Pos 
the trials and 86 per cent of the errors for initial lea 
of performance is greatly increased; the standard coefficient of variabilit 
for both trials and errors in postblind retention tests is double that for 
initial learning. Some of the animals were little disturbed by blinding 
(e.g., numbers 24, 31, 33); others required as much practice for relearn- 
ing as did members of group I for initial learning. 

There is a significant correlation between the initial and postblind 
training scores of group II for both trials and errors; P = 0.48 + 0.12 
The slower learners among normal animals were those most dependent 


on vision. This fact confirms Krechevsky’s observation (7): that “naga. 
dull” rats are visually dominant. 


animals, the error s 
tblind relearning re 


core is more seriously 
quired 65 per cent of 


ting. The variability 
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These tests after enucleation of the eyes give a measure of the effect of 
peripheral blinding for comparison with that of cortical damage. The 
range of postblind loss is from perfect retention to a maximum of 42 trials 
with 178 errors for relearning. The great variability in the extent to which 
different animals are dependent on vision in maze learning confirms a 
similar observation by Finley (4). 

No increase in variability appears in the initial learning after blinding. 
The standard coefficients of variability for initial learning are for normal 
animals, 0.42 for trials and 0.51 for errors; for blind animals, 0.37 for 
trials and 0.55 for errors. Forced use by some rats of a nonpreferred sense 
does not retard their learning enough to spread the distribution. Finley 
has suggested that individual differences in the employment of different 
sense modalities will account for variation in the effects of identical lesions, 
which I have reported previously. The explanation is plausible as applied 
to postoperative retention but is not applicable to initial learning after 
brain lesions, where the variability of effect of similar lesions is equally 
great, unless further assumptions are made concerning the reduction of 
the general plasticity of the animal by cerebral damage (8). 


Effect of Interrupting the Posterior Thalamic Radiation 

The animals of group III were trained with vision intact to the criterion, 
and given preoperative retention tests. The posterior radiation was then 
cut with a minimum of damage to the overlying cortex. After a 10-day 
rest period the rats were again trained to the criterion. . . . Their aver- 
age scores, in comparison with those of group II after peripheral blinding, 
are given below. 


Preoperative Postoperative 
Initial learning retention retention 
Trials Errors Trials Errors Trials Errors 


Group III 14.8+1.4 48.0+6.0 3.640.5 4.4+0.7 6841.2 43.1+11.8 
(central) 


Group II 17.4+1.2 50.4+3.9 2.5+0.5 1440.2 11.6+1.6 46.34 7.1 
(peripheral ) 
Difference 3.6+18 24+72 1140.7 3040.9 4842.0 3.24138 


i ee ee 


The scores of these two groups are closely comparable throughout. The 
rats with interruption of the posterior radiation made a slightly better 
trial score in postoperative tests than did the peripherally blinded rats, 
but the difference is not reliable and the error scores are almost identical. 
Variability of the two groups was about equal, ranging in postoperative 
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tests from nearly perfect retention to requirement of more practice than 
for initial learning. 

In one animal of group III, number 53, there was extensive d 
the thalamus with interruption of the optic tracts, destruction of t 
geniculate nuclei and of the pretectal region and of p 
nucleus. If the score of this animal is omitted, the postoperative averages 
for the remainder are reduced to 5.5 + 1.0 trials and 27.2 + 6.5 errors. 


amage to 
he lateral 
art of the ventral 


Fig. 27.2, Diagr: 
and II. 


The brains of the rats i 


tion and injuries to cortical and subcortic i 
in Fi . Cortical lesi 
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al nuclei 
ere was rather extensive 


OCCIPITAL LESIONS AND THE MAZE HABIT 441 


invasion of the fields of the ventral nuclei. Number 51 shows the most 
extensive damage including total degeneration of the lateral and medial 
geniculate nuclei, of the pars posterior of the lateral, and of the lateral 
and central divisions of the ventral nucleus, with subtotal degeneration 
of the lateral nucleus. The loss of the habit in this animal was little greater 
than the average loss produced by peripheral blinding. 


Fig. 27.3. Diagrams of cerebral lesions in animals number 26 to 41 of groups 
I and II, and of numbers 43 and 52 of group III. Cuts which interrupted 
Projection fibers without damaging the cortex are represented by broken lines. 


Eight of the eleven animals suffered damage to the hippocampal lobes. 
The locus and extent of damage are indicated in Fig. 27.4, numbers 44 
to 52. The black areas on the diagrams represent total destruction of the 
fimbria, Ammonshorn and gyrus dentatus underlying them. Shallower 
lesions are indicated by stippling. The lesions in the hippocampal struc- 
tures of this group equal in extent most of those produced in combination 
with destruction of the striate areas, described below, yet without causing 
greater loss of the habit than results from peripheral sense privation. 
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The data . . . suggest . . . that the size of the postoperative scores 
increases somewhat in proportion to the amount of damage to nonvisual 
structures. The maximal effect of such composite lesions is, however, not 
greater than the maximal produced by peripheral blinding and is far less 
than the average loss produced by destruction of the occipital cortex in 
groups I and II, reported below. The experiment shows that interruption 
of the optic and auditory radiations, even when combined with severe 
damage to the hippocampal lobes and invasion of the field of the ventral 


nucleus, does not produce a significantly greater loss than follows pe- 
ripheral blinding. 


Effects of Destruction of the Occipital Cortex in Animals Which Know 
the Maze without Visual Cues 


Seventeen rats from group I and twelve from group II had reached 
the criterion of five consecutive errorless trials after peripheral blinding. 
They were rested for 10 days, retrained to the criterion, and subjected to 
destruction of the occipital cortex. As stated above, the posto 
of the two Sroups were not significantly different, so they h 
bined for statistical treatment. . . . The cortical lesions 
the hippocampal lobes are shown in Figs. 27.2 
41. The brains were analyzed for retrograde de 
nuclei. . . , 

Only one of the twenty-nine animals (number 4) re: 
of five consecutive errorless trials within fifty trials of retraining. The 
others were all making numerous errors at the end of fifty trials, when the 
experiment had to be discontinued. Their average scores for the fifty post- 
operative trials are given below in comparison with the corresponding 
Scores of the animals with interruption of the posterior thalamic radiation, 
no one of which required as many as 50 trials for relearning. 


Groups Trials Errors 
Occipital lesions (Land II) 50+ 


415.9 + 95.9 
Posterior radiation (III) 6.8 + 1.2 43.1 + 11.8 


perative scores 
ave been com- 
and damage to 
and 27.3, numbers 1 to 
generation in the thalamic 


ached the criterion 


Extrapolation of the learning curves indicates that the 
have reached the criterion with an average of less than 
pared with the effects of peripheral blinding 
posterior thalamic radiation, destruction of the occipi x produces a 
far greater deterioration, Even though tr continued to the 
criterion, almost ten times as m Er occipital lesion 
as after peripheral blinding. 

In 


any errors were made aft 


all cases there was total degeneration of the lateral geniculate 


OCCIPITAL LESIONS AND THE MAZE HABIT 443 


nuclei, showing that the entire visual cortex had been destroyed or cut off 
from the thalamus. In addition there was some invasion of adjacent struc- 
tures in all cases. Interpretation of the results therefore requires an evalua- 
tion of the effects on maze performance of the lesions outside of the 
striate cortex. 


Fig. 27.4. Diagrams of lesions to the hippocampal lobes and fimbria. The lobes 
are represented as unrolled with proportions as indicated at the left above. 
Superficial injuries not reaching the fascia dentata are stippled; deeper lesions 
solid black. Numbers 1 to 41, animals of groups I and I; numbers 44 to 52, 
animals of group III. 


Comparison of Effects of Destruction of the Visual Cortex in Combination 
with Various Other Structures 

Tectum. In three animals there was invasion of the colliculi. They were 
number 6 with 875 errors, number 14 with 962 errors, and number 35 
with 453 errors. The first two of these had nearly total bilateral destruc- 
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tion of the inferior colliculi; the third only a slight invasion on the left. 
The average errors for these three animals is 763.3, as compared with 
375.4 for the remaining twenty-six. Except for injury to the colliculi, their 
lesions did not differ significantly from those of other animals in the 
group. Although the number of cases is too small to give reliability to the 
difference, the conclusion seems justified that the midbrain lesions in 
numbers 6 and 14 were responsible for the marked retardation, The cases 
with midbrain lesions have therefore been excluded from analyses of 
effects of damage to other structures. 

Hippocampal Lobes. Lesions to the hippocampus are shown in Fig. 
27.4. For comparative treatment the lesions were grouped into five classes: 
0, no injury; 1, shallow injuries, not penetrating to the fascia dentata; 
2, deeper injuries, without section of the fimbria; 3, deep injuries with 


unilateral section of the fimbria; 4, deep injuries with bilateral section of 
the fimbria. . . . 


Grade of lesion Number of cases Average errors 
0 5 391.4 
1 8 335.1 
2 2 266.5 
3 6 438.6 
4 5 393.6 


These figures give no indication of any trend corresponding to the 
degree of injury to the hippocampal structures. The averages for animals 
without injury and for those with maximal injury are almost identical. 

In some animals of group III, with interruptio 
tion there was damage to the hippoe: 


ases gives the following averages for 
amage to the 


Grade of lesion 


Number of cases A 


verage errors 
Rn ee a 
8 3 12.0 
4 3 38.3 


Two of the animals with maximal hippocampal lesion and one in each 
of the other groups of three had a total degeneration of both lateral 
geniculate nuclei. The combination of total cortical blindness with damage 
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to the hippocampus produced no such loss of the maze habit as followed 
destruction of the occipital cortex. In group III the lateral convexities of 
the hippocampus were chiefly involved; with occipital lesions, the dorsal 
convexities. There is, however, no reason to assume that one part of the 
hippocampus is more important for maze learning than another. 

Auditory Cortex. In twelve of the twenty-nine animals of groups I and 
II there were indications of degeneration in one or both medial geniculate 
nuclei. The average of errors for these twelve cases was 369. The aver- 
age for the fourteen cases in which no degeneration of the medial genic- 
ulates could be detected was 381 errors. Invasion of the auditory cortex 
produced no increase in errors. 

Field of the Anterior Nuclei. In eight of the animals there was no 
trace of degeneration in the anterodorsal or anteroventral nuclei. The 
others showed for the most part slight degeneration in the dorsolateral 
margins of the nuclei. The average for cases without degeneration was 
338 errors; for cases with degeneration of the anterior nuclei, 392 errors. 
The difference is not reliable and certainly does not indicate any pro- 
nounced differential effect of invasion of the retrosplenial area. 

Field of the Lateral Nucleus, Pars Posterior. In practically all of the 
animals the posterior part of the lateral nucleus, adjacent to the lateral 
geniculate nucleus, showed total or subtotal degeneration. Effects of 
damage to its cortical field therefore cannot be determined by comparison 
of cases in groups I and II. However, the radiation to this field was totally 
interrupted bilaterally in six cases of group III without significant increase 
in error scores above that of animals without such interruption. Further, 
the pars posterior of the lateral nucleus probably receives fibers from the 
optic tract. It certainly has no other primary sensory supply, so its cortical 
field must be classed as either a visual receptive or a visual associative area. 

Field of the Lateral Nucleus, Pars Principalis. In twelve cases the pars 
principalis was normal. The average error score for these was 353, 
whereas for the fourteen cases with some degeneration of the nucleus 
the average was 395 errors. The difference is not reliable and does not 
indicate any significant effect of the slight invasion of the area parie- 
talis. 

Subicular Area and Caudal Pole. At its caudal pole the striate cortex 
adjoins a field included by Rose (18) in the area retrosplenialis agranu- 
laris which, however, does not appear to receive fibers from the anterior 
nuclei. The striate area also overlies the subicular area, which was dam- 
aged in a few cases. The average for thirteen cases with damage to one 
or both of these regions was 379 errors; for cases without such damage 
the average was 372 errors. The difference is not significant and there is 
no indication that either the subicular areas or the caudal part of the 
retrosplenial are especially significant for the maze habit. 
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Postauditory Cortex. Lesions in the caudal portion of the area ectorhi- 
nalis are not followed by discoverable thalamic degeneration. I have sug- 
gested (11) that this region may be homologous to the lower temporal 
field of primates, which has few projection fibers (21). The area, caudad 
to the auditory cortex, was invaded in all animals, with a range from total 
destruction to almost no involvement. The cases were divided into four 
groups according to the amount of destruction of the region, from 1, with 
slight injury, to 4, with almost total destruction. The average error scores 
for the four grades were the following: (1) 470 errors; (2) 344 errors; 

(3) 392 errors; (4) 317 errors. There is no relation between the degree of 
involvement of the region and the amount of loss of the maze habit. 
In animals 43, 44, and 49 of group II, with an average of ten errors in 
relearning, there was invasion of the postauditory cortex as severe as in 
many cases with destruction of the visual cortex (e.g., numbers 12 and 
30) and profound deterioration. No especial significance for maze per- 
formance can therefore be ascribed to the postauditory region. 

Comparative figures for cases with and without damage to various 
cerebral structures are summarized in Table 27.1. In no case is there a 
reliable difference between the scores of animals with lesions in a particu- 
lar structure and those without, instances where the Scores were slightly 
increased by damage to one structure being balanced by an equal number 
where they were apparently decreased. If the severe deterioration of the 
cases with destruction of the occipital cortex is to be ascrib: 
to such nonvisual structures, then no one seems to cont 
any other to efficiency of performance. 

The possibility remains to be tested that lesions in e 


ed to the damage 
ribute more than 


ach of these struc- 


Table 27.1. Summary of the Effect 


s of Damage to Various Cerebral Structures 
Combined with Tot 


al Destruction of the Striate Areas and Field of 
the Pars Posterior of the Lateral Nucleus 


Average errors 
i nn, 


With Without 
involvement i 


involvement 
Hippocampal lobes 


62 
Auditory cortex a a 
Lateral nucleus, pars principalis 395 353 
Retrosplenial areas (anterior nuclei) 382 338 
Subicular areas 379 372 


Maximal Minimal 
Postauditory cortex 


317 470 
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tures contributes to the deterioration and that, although the effects of 
damage to any one are not measurable, the summated effects of damage 
to several produce large error scores. This may be tested by comparison 
of animals with different total amounts of damage. 

Extent of Lesion. The range of cortical destruction for the twenty-six 
cases is from 9.5 to 29.4 per cent of the surface area of the pallium. Rank 
order correlation between extent of lesion and errors in retraining is only 
0.10 + 0.14. Two factors make for a small correlation in this group. The 
range of variation is not great, more than half of the cases falling within 
a range of 10 per cent. Postoperative training was not carried to comple- 
tion and, since previous studies have shown a correlation between extent 
of lesion and trials for relearning, as well as for errors, some part of the 
higher correlations found previously is due to errors accumulated in the 
later stages of retraining, to which this group was not subjected. . . . 

The correlation between the magnitude of . . . [lesions] and errors 
in postoperative tests is only p = 0.07 + 0.14. There is thus no indica- 
tion that the loss of the habit increases progressively with increase in the 
total amount of damage to nonvisual structures. . . . 

Cases with Minimal Involvement of Nonvisual Structures. Although 
the series includes no case with lesions wholly restricted to the striate 
cortex, there are several in which the damage to nonvisual structures is 
very slight. These are numbers 3, 8, 9, 10, 12, 26, and 28. Their aver- 
age number of errors is 355, as compared with 375 for the entire group. 
The difference is not reliable. Number 12 had the least damage to non- 
visual structures of any animal; total degeneration of the lateral geniculate 
nuclei with very slight unilateral invasion of the retrosplenial area and 
of the postauditory area. The hippocampal lobes and fields of the anterior 
and medial geniculate nuclei were not involved. The error score of this 
animal was 440; slightly higher than the average for the entire group. 


This analysis has failed to reveal a pronounced deteriorating effect of 
invasion of any one of the diverse nonvisual structures accidentally in- 
cluded in the occipital lesions. It has also given no indication of a cumu- 
lative effect of slight damage to various fields. A further check of the 
effects of such damage is provided by the cases of group III, in which 
cortical blindness was combined with lesions in the hippocampal lobes, 
auditory and postauditory cortex, or the radiations of the lateral and 
ventral nuclei. Although the lesions in group III did not involve exactly 
the same combinations of structures as were damaged in the animals of 
groups I and II, the total damage to nonvisual structures was in some 
cases quite as severe and failed to produce any such marked deterioration 
as followed destruction of the occipital cortex. 


In view of this evidence, the conclusion is justified that the severe 
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effects of the cerebral lesions of groups I and II were not due to invasion 
of nonvisual structures, but to the extensive destruction of the cerebral 
visual areas themselves. Destruction of the visual cortex in animals which 
have learned the maze without visual cues results in a total en 
tion of the habit and a retardation in relearning greatly exceeding that 
produced by peripheral blinding and as severe as that tia = previous 
experiments to result from similar lesions in animals trained wit vision. 
Lindley (15) and Casper (2) by peripheral elimination of vision and 
olfaction, singly and in combination, have shown that maze learning is 
progressively retarded by increasing sensory loss. On the basis of such 
evidence Hunter (6) and F inley (4) have maintained that the correlation 
between extent of cerebral lesion and deterioration of the maze habit is 


ments on sensory control of 


functions. She has reported an experiment (4) which is interpreted as 
showing that destruction of the visual cortex produces no more disturb- 
ance of maze performance than does peripheral blinding, that lesions 
which invade more than one functional area of the cortex result in a more 


Analysis of Dr. Finley’s Experiments. Finley trained rats on an elevated maze 


for fifty-three trials, tested their accuracy for twelve additional runs alternately 
in light and darkness, subjected them to lesions in the occipital region, and 
again tested performance for Seventeen trials in alternate light and darkness. 
Her animals were then divided into two groups on the basis of the character of 
the lesions. In group 1, consisting of twenty-eight cases, the lesions were stated 
to be “limited to the visual cortex.” In group 2, with eleven animals, the lesions 


were deeper and in most cases slightly damaged the dorsal convexities of the 
hippocampal lobes, “extending also, i 
striate areas.” pon a comparison of the performance 


Scores of blind animals re- 
ported by other investig, A i ions bearing upon the functions 


2. “Lesions involving a roximately the same surface area of the rat’s cortex 
ats cortex, 
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but affecting more than one functional area or brain center, may produce very 
much greater losses of accuracy in maze running than lesions limited to a single 
functional area” (4, p. 235). 

The author uses “interference with central reception” as synonymous with 
damage to the striate areas. Her results are too complex for detailed analysis 
here, but the following considerations show the inconclusive character of the 
experiment: 

Group 1. Postoperative loss in this group was slight and not clearly ascribable 
to the cerebral damage. The animals were not trained to errorless performance 
in darkness before operation and the test procedure, involving alternate trials in 
light and darkness, evidently results in a spread of the disturbing effects of 
darkness to subsequent trials in light (Finley’s Fig. 3, preoperative tests). Such 
spread of effect, which is the general result of the introduction of any novel 
element during maze learning, combined with the general shock effect of the 
operation, is sufficient to account for the slight falling off in the performance of 
the group, without postulation of any defect of vision. 

The anatomic data do not indicate any significant visual defects in group 1. 
The lesions are confined to the mesial edge of the striate areas and in no case 
invade the projection areas for the binocular field. Such lesions have not been 
found to interfere with visual performance in other tests. Neither the behavioral 
nor anatomic data justify the conclusion that there was any significant post- 
operative interference with vision in the majority of the animals. 

The second conclusion listed above is largely based upon the statement that 
the lesions in animals of group 1 were “limited to the visual cortex.” This state- 
ment is obviously incorrect. Finley’s diagrams indicate for every case an inva- 
sion of the peristriate and retrosplenial areas; in fact, the microphotographs 
reproduced in her Fig. 4b and c, p. 213, as representative of the lesions in 
group 1, show lesions largely restricted to the retrosplenial and peristriate areas 
with very slight invasion of the mesial border of the striate area. The lesions 
are superficial and small in area, including little more than 6 per cent of the 
surface area of the cortex. In previous work lesions of this magnitude have 
never been found to produce a measurable effect upon maze performance. 

Group 1 is thus actually a series of cases with small lesions involving two 
or more architectonic areas, probably without significant visual defect, and 
without demonstrated behavioral symptoms. 

Group 2. The animals of this group made somewhat poorer records than 
those of group 1 and their lesions were reported as involving nonvisual struc- 
tures, in contrast to the restriction to visual structures in group 1. The diagrams 
of the lesions of group 2 actually do not show invasion of any nonvisual, neo- 
cortical structures which were not also involved to an equal or greater extent 
in the animals of group 1. The only consistent difference in nonvisual structures 
damaged in the two groups is the invasion of the hippocampal lobes in some 
cases of group 2. Such invasion appears to be very superficial, involving at most 
a few hundred cells (Finley’s Fig. 4a, p. 213). My data reported above on the 
effects of section of the optic radiation combined with much more severe damage 
to the hippocampus rule out the ascription of any serious influence upon maze 
performance to such small lesions. 
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Many of the animals of group 2 show invasion of the projection area of the 
binocular field and therefore probably had effective visual defects. That some 
vision was still retained is indicated by their significantly better scores in light 
than in darkness (Finley’s Fig. 5, p. 215), but part of the relatively slight aver- 
age postoperative loss may have been due to visual defect. 

Since the lesions of group 2 invaded the hippocampal lobes they were evi- 
dently deeper and so involved effective destruction of larger cortical areas than 
did those of group 1. Even without allowance for this difference in depth of 
lesion, and the lesions in group 1 were apparently in most cases very superficial, 
the lesions of group 2 are roughly 50 per cent greater in surface arca than those 
of group 1. 

The assumption that the greater deterioration of group 2 was due to invasion 
of functional areas not involved in group 1 is thus not justified by the facts, 
All that the experiments actually show is that small lesions, whether restricted 
to the visual cortex or involving other cerebral areas as well, produce little or 
no disturbance of maze performance; that deeper and more extensive lesions 

produce relatively more disturbance, which may be the result of any of three 
uncontrolled variables: visual defect, invasion of the hippocampus, or total extent 
of damage. The facts presented are in no way inconsistent with the theory of 
mass action or with my earlier conclusion concerning the effects of destruction 
of the visual cortex upon the maze performance of blind anim: 


l als, and they 
provide no support to the conclusions which Finley drew fro 


m the experiment, 


Interpretation of the Relative Effects of Destruction of the Striate 
Areas and of Damage to Adjacent Structures. Although Finley’s attempt 
to get conclusive evidence on the question of a nonvisual function of the 
visual cortex failed, her criticism of my earlier experiment is justified, since 
that experiment was carried out before the visual areas had been mapped 
accurately and since more recent work has shown that the lesions resulting 
in loss of the maze habit in blind animals invaded nonvisual structures 
as well as the striate areas. The present experiments do not avoid the 
same difficulty. Extensive destruction of the striate areas necessarily 
results in some injury to adjacent structures, but the controls reported 
seem adequate to show that such accidental injuries are not responsible 
for the severe deterioration following the extensive occipital lesions, The 
important points of evidence are the following: = 

1. Destruction of the occipital cortex in animals which were runnin 
the maze accurately without visual cues resulted in a deterioration a 
performance at least ten times as great as that followin the pe iph ral 
blinding of animals which had learned the maze with n en 
of the occipital damage are therefore 
ing from peripheral blinding. 

2. Interruption of the optic radiations combin 
visual structures produces only slight loss. Destru 

combined with similar damage to nonvisual struc 


ed with damage to non- 
ction of the visual cortex 
tures results in nearly ten 
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times as great a deterioration. This severe loss therefore cannot be ascribed 
to the accidental invasion of the hippocampus, or of the fields of the 
medial geniculate, ventral, or lateral nuclei. 

3. Comparison of cases with and without damage to each of the non- 
visual structures which were involved in the destruction of the striate 
cortex reveals that injury to no one of these structures (with the possible 
exception of the colliculi, damaged in three cases) contributes more 
to the deterioration than injury to any other. If the severe loss following 
occipital lesions is due to invasion of adjacent structures, then this effect 
is a cumulative one, not ascribable to any particular structure. 

e effects of injuries to nonvisual structures 


4. Quantitative analysis of th 
in various combinations fails to reveal any relation between the severity 


of the defect and the number of such structures or the total extent of 
damage to nonvisual areas involved in the lesions. There is no evidence of 
a cumulative effect of damage to diverse occipital structures, within the 
narrow range of these experiments. 


In view of these results it seems impossible to ascribe the severe de- 


terioration following the occipital lesions to the accidental involvement 
y the extensive destruction of the 


of nonvisual structures. In some wa 
striate cortex must be responsible for the severity of the symptoms. 

Effects of Extent of Lesion. Within the present experiments the range 
of extent of lesion is small and bears no relation to the severity of de- 
terioration. Finley’s experiments (4), involving lesser damage to essen- 
tially the same structures, provide some control of the effects of extent 
of damage. I have estimated roughly the surface area of the lesions in 
her cases by comparison of the lesions with the extent of the striate cortex 
shown in her diagrams. Since the mazes used were dissimilar and the 
animals were not ‘trained to the same criterion, the effects of the lesions 
are best expressed for comparison as a percentage of the initial training 
scores in each experiment. I have arbitrarily chosen the first seventeen 
trials of initial training and of postoperative tests, corresponding to the 
seventeen trials of postoperative training used by Finley. The following 
table shows the effects of various amounts of damage: 


Average errors Errors expressed 


in first 17 as percentage 

Percentage postoperative of 17 initial 
lesion trials trials 
Group 1 (Finley) 6.2 8.5 35 
Group 2 (Finley) 9.6 22.0 90 
Groups I and If (Lashley) 19.0 186.5 265 


Ba er 
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Interpretation of this table is complicated by the fact that aries 
animals were to some extent dependent on vision, whereas my nn 
had been trained to errorless Performance after enucleation of the aye 
my cases also involyed damage to cerebral areas laterad to the 
areas, which were not invaded in any of Finley’s animals, However, suc 


.” These 
a, the primary 
addition to 


of the area, 


orientation (19); the fitting of the maze pattern into the animal’s system 
of space coordinates, The central visual mechanism, Providing as it does 
the most accurate Spatial data of any sense modality. 


coordinates were primarily visual, one 


als to be superior, Finally, disturbance of 
spatial orientation, other than visual, is not cha: 


f other parts, such 
h an hypothesis 


known facilitative action of other nervous 


The present experiments do not give direct evidence upon the factors 
determining the correlations between extent of lesion and loss of effi- 
ciency. There can be little question that elimination of several sense 
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modalities by larger lesions contributes significantly to their effectiveness 
in reducing efficieney. In a study of the effects of interrupting sensory 
radiations, to be reported later, I have found a close relationship between 
the loss in maze performance and the amount of degeneration in the nuclei 
of the sensory thalamus. On the other hand, as in the present comparison 
of section of the posterior radiation and destruction of the oceipital cortex, 
the deterioration from cortical damage is generally more severe than that 
following corresponding peripheral sensory loss or motor defects (10). 
Demonstration that the maze performance of blind animals depends upon 
the primary visual cortex suggests a nonsensory function whose loss may 
contribute to a general deterioration and to the cumulative effects of 


large lesions. 


Summary 


Comparison of the effects on maze performance of enucleation of the 
eyes, section of the posterior radiations, and destruction of the oceipital 
lobes leads to the following conclusions. 

1. Section of the posterior radiations combined with damage to the 
hippocampal lobes, to radiations of the ventral nucleus and of the lateral, 
pars posterior, and to the auditory and postauditory cortex produces no 
more serious deterioration than does peripheral blinding. 

2. Total destruction of the visual cortex, combined with invasion of 
adjacent structures, similar to that involved in section of the radiation, 
produces severe deterioration, at least ten times as great as that following 
peripheral blinding. 

3. Analysis of the effects of destruction of the area striata in combina- 
tion with damage to various other structures indicates that the latter did 
not contribute significantly to the loss of the maze habit. 

4. The visual cortex has some important function in maze learning 
which is exercised in the absence of any visual stimuli. 
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rat, under optimal conditions, can learn in a single trial, 
I describe these misadventures in animal training to emphasize the 


mass of studies of animal behavior. It has been said that Americ 
learn only by trial and error, whereas Euro 
Certainly, investigators in America have been o; 
in a dark box where it can do nothing but pre: 
does nothing else, to conclude that all its beh 
acter. Unless the experimenter has wide experi 
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any definite meaning. The firs 
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evident facts of experience, whereas the denial was that the facts 
constitute evidence for a meaningful distinction between experience and 
behavior, The position of behaviorism can be stated more rigorously today, 
largely as the result of the application of operational concepts as tools of 
logical criticism (6, 17, 37). 

Subjective experience reveals only a complex of activity, varying from 
moment to moment, without constant structure or content. The character- 
istic is the organization. The organizing process is not experienced; that is, 
thoughts think themselves, just as the words of a sentence fall spontane- 
ously into grammatical order. The elements which are organized, sensa- 
tions, feelings, etc., cannot be described or defined. They are abstractions 
from the mental structure which have in themselves no attributes dis- 
tinguishing them from physical abstractions. I shall not attempt here to 
validate this statement beyond pointing out that William McDougall (30), 
the most aggressive recent advocate of mind-body dualism, was forced to 
postulate atoms of mind-stuff, adsorbed on physical atoms, as the elements 
of mental structure. The question of what may happen to such mental 
atoms in these days of atomic fission was not foreseen when he wrote 
in 1913. 

Psychological analysis reveals nothing but varying organization or 
structure. Studies of the physiology of the nervous system and analysis 
of behavior reveal the same principles of organization as are discovered 
by subjective analysis (21). The question, “What is the mental state of 
an animal?” means then: What is the level of organization of its activities? 
The question can have no other meaning because no other conception of 
mind can be derived from experience. 

I should not have burdened you with this matter, save that eminent 
biologists, e.g., Lillie (27), Herrick (11), Sherrington (35), still maintain 
that mind, where it appears, performs a unique function in integrating 
behavior, They have not, however, indicated the nature of this function or 
defined the behavior which is its unique product. They postulate two 
modes of biological action but do not suggest the nature of the distinction 
between them, Even so keen a philosophical biologist as Woodger (43), 
though he insists that the concept of mind has no place in biological 
Science, accepts the distinction between public and private knowledge, 
without realizing that private knowledge is, on analysis, only private 
ignorance. The questions of where mind or consciousness enters in the 
phylogenetic scale and of the nature of conscious experience as distinct 
from physiological processes are pseudo-problems, arising from miscon- 
ceptions of the nature of the data revealed by introspection. A comparative 
study of the behavior of animals is a comparative study of mind, by any 
meaningful definition of the term. 
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The Nature of Behavioral Evolution 


The interest of early students of comparative psychology was in find- 
ing the origin of human mental traits. Darwin and Romanes could point 
out behavior of animals which suggested similarity of emotional char- 
acters, memory, and intelligence to that of man, and could show that the 
similarity increased with increasing bodily similarity to man. They could 
not specify what was changing in evolution or the nature of the steps 
between different levels of behavior. We are in a scarcely better position 
today. It is not possible to classify unit factors in behavior and to trace 


tionary development. Instinctive behavior is described as genetically de- 
termined, stereotyped, and relatively unmodifiable; intelligent behavior 
as the product of experience, plastic and adaptable. Analysis of behavior 
included under the two categories does not, I believe, justify the distinc- 
tion. The differences are in degree only, not in kind, 

Intelligence is generally defined as the capacity to profit by experience, 
or the capacity to learn, and its evolution is described in terms of per- 
formance in situations requiring learning. This view is based on a con- 
fusion in definitions. Learning involves both the ability to form associations 
and also the ability to solve problems, to discov 
in the situation, The typical learning curve is compounded of trial-and- 
error discoveries, of insight, and of memory. Under favorable conditions 
every animal, at least above the level of the worn 
association in a single trial. In this sense 
fected early and has changed little in th 
the fact of learning but what is learned that differentiates animals in 
the evolutionary scale, The learning of higher 


tion of relations which is beyond the capacity of the lower. 
As an illustration of this, 


compare the learning behavior of a spider 
monkey and a chimpanzee in a matching problem. The monkey was set 

a red or green Square according as a yed or 
green square was shown as a model. The monkey made no improvement 
above chance in nearly 1,000 trials (Fig. 28.1, a). The model was then 
placed in contact with the color to be chosen (b). Correct choice followed 
within a dozen trials, With the model returned to the original position 


er the significant relations 


ns, can form a simple 
the capacity to learn was per- 
e course of evolution. It is not 


animals involves a percep- 
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(c), there was a chance score for 600 trials. The colored models were 
then increased in size to form a background; the task to choose red on 
red, green on green (d). This was learned very quickly. With the original 
small model. chance scores again. With the colored grounds just making 
visual contact with the squares, every trial was correct (e). Breaking 
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Fig. 28.1. Record of scores made by a speeimen of Ateles 
geoffroyi in training to choose one of two colored Squares 
to match the color of a model m. The percentages given 
at the right represent the final level of accuracy attained 
in each of the seven situations. 


the visual contact by 2 mm. (f) gave chance scores again. Rotating the 
Model to visual contact gave errorless choice (g); rotating back, chance 
Scores. I continued training by such methods for 18,000 trials with this 
One monkey, but he never learned to choose the matching object. He saw 
the model as a pointer when it was placed in contact with the object, 

ut a piece of white paper served equally well to indicate the choice. 

© saw the colored background as a signal but disregarded the color 
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similarity, for he learned just as quickly to choose the red object on a 
ae bak round and the green on a black. The relation of similarity 
bint rg The macaque can learn this task of matching, though 
nul much special training. The chimpanzee grasps it quite readily, 
An attempt to analyze the learning process here results in the dis 
of apparently different processes. Associations with one or 
of the situation are formed readily, but what is associated 
some sort of insight into the relations of the variable elements of the 
situation. For the spider monkey, visual continuity seems essential, Visual 
objects which are not in contact are not related. For the chimpanzee this 
aspect of the situation is less important. 
Analysis of learning or of adaptive reactions 
of this kind. Schneirla’s comparison of maze lea: 
(33) indicates qualitative differences in the maze relations to which these 
animals react. The modes of response of different animals are found to be 
based upon different types of relational organizing which are refractory 
evidence is available, the capacities for these 
tically determined. The limits of capacity of 
each order of animals are set by the kinds of relations among objects that 
it can perceive, The development of the individual is a slow maturation 
of such capacities, Intelligence tests, which are selected as representative 
of the average capacities at different 
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a Construction involves 
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The mechanisms of instinctive and intelligent behavior thus seem 
fundamentally the same. Both are the expression of modes of the Percep- 
tion of relationsh i S are genetically determined, Higher 
greater variety of types of organiza- 
are any less depende i 
Fan y p nt upon genetic 


A more important distinction for the evoluti 
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is that between behavior mediated by anatomically restricted pathways 
and “relationally determined” behavior. These two types are illustrated 
among protozoa by the reactions of the Ciliata and Rhizopoda. In 
Euplotes, for example, the stroke of the cirri is controlled by impulses 
transmitted over fibers of the neuromotor apparatus (40), which are 
limited and invariable conducting paths. In Ameba, on the contrary, al- 
though reaction may take place at a distance from the point of stimula- 
tion, the character of the response seems to be determined by the existing 
conformation of the pseudopodia, as indicated in Kepner's studies (14) 
of the feeding behavior of Ameba. In the one case the behavior is medi- 
ated by a precise anatomic structure, and the evolutionary problem in- 
volves the accurate control of form in ontogeny; in the other, a transient 
Physiological state is responsible for the behavior, and the ontogenetic 
problem is of a different character. Among higher animals this distinction 
Appears between reactions determined by stimulation of specific receptor 
cells and behavior in which the mode of organization is genetically de- 
termined but in which the receptor and effector mechanisms are variable. 


Correlation of Behavior with the Evolution of the Nervous System 


The evolution of mind is the evolution of nervous mechanisms, but only 
the simpler of these can as yet be analyzed directly. Comparative studies 
of the brain and of behavior are, therefore, still largely separate in method 
and problems. I shall try to relate some of the data derived from the 
two approaches and to point out lines of investigation which seem to 

ar upon fundamental questions. 

The phylogenetic history of gross changes in the nervous system can 
© traced in some detail. In a few cases where the relations are simple and 
irect it has been possible to show correlations between specific structures 

and behavior, as in the segmental reflexes which produce the crawling 
Movements of the earthworm, or the relation between the dominant use 
of the nose as a tactile organ by the pony and the great extent of its 
representation in the sensory area of the cortex (1). For more compli- 
Cated reactions, however, such as the instinctive behavior of insects and 
irds or the behavior which is called intelligent, no such detailed corre- 
ations have been possible. 

There are obvious changes in the gross structure of the nervous system 
With ascent in the evolutionary scale and these have been seized upon as 
the probable basis of increase in behavioral capacity. Evidence in sup- 
Port of such interpretations is by no means conclusive. The history of the 
nervous system presents a few points of radical change in structure. 

€se points should show maximal changes in the types of activity of the 
Animals, if gross structure is important in the reaction system. The most 
Conspicuous of these are: the substitution of the nerve net in metazoa 
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for the neuromotor apparatus of protista; the appearance of the synaptic 
type of conduction in echinoderms; the development of the dorsal nerve 
cord and its dominance over the ventral ganglionic chain; and the ap- 
pearance of the neopallium in mammals. None of these changes seems to 
have introduced anything new in behavior, when it first appeared. The 
behavior of hydra is no better coordinated than that of some of the 
suctoria. The synapse perhaps conferred on the nerve net the capacity 
for independent reflexes, but paramecium and the hypotricha have inde- 
pendent reflexes as well as coordinated movements of groups of cilia. 
The primitive vertebrates are inferior to the higher invertebrates in every 
behavioral capacity that has been tested. The primitive mammal with an 
extensive neopallium is not superior in behavior to birds like the crow 
or parrot. Such studies as exist do not reveal qualitative differences in 
behavior corresponding to radical changes in the plan of gross structure 
of the nervous system. It might be said that, although such changes 
confer no advantage at the start, they open the way for later advancement. 
Such a statement, however, adds in no way to an understanding of the 
reason for the potential limitations of any form of the nervous system. 
H. G. Wells has represented insect-like inhabitants of the moon as pos- 
sessed of superhuman intelligence, and the neurologist can point to no 
characteristic of the brain structure of insects which would preclude such 
a development. 

Since I am most familiar with the behavior and neurology of m 
among which the differences are chiefly in those forms of behavi 
are designated as intelligent, I shall confine the discussion largely to the 
evolution of the brain in relation to intelligence and shall try to picture 


the kind of change that has been responsible for this phase of the evolu- 
tion of behavior. 


Attempts to correl 


ammals, 
or which 


ate the level of intelligence with nervous structures 
have been limited almost entirely to studies of mammals. Brain weight 
ratio of brain to body weight, degree of fissurization, vascularity and 
relative development of different lobes of the cerebrum are the "chief 
characters that have been studied. It has been held that the associative 
areas of the mammalian brain have increased, relatively more than 
sensory and motor areas, with ascent in the evolutionary scale, but the 
areas have never been actually measured. The conclusion is based upon 
measurements of vaguely defined lobes which do not represent functional 
divisions or strictly homologous parts in different species. Definition of 
cortical areas in terms of their cytoarchitecture might provide a better 
index of changes in proportions, but comparative measurements of such 
areas have not been made, Moreover, George Clark and I (25) have 
found individual variations in cell structure greater than those u i on 
which many of the areal divisions have been based. Cerebral dealin are 
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is then unreliable as an index of function. From rough measurements of 
actual functional areas, determined by anatomic analysis of their con- 
nections, for the rat and monkey, I question that there has been any very 
significant change in the relative proportions of the different functional 
areas of mammalian cortex in the development from rodent to primate. 
The only neurological character for which a correlation with behavioral 
capacity in different animals is supported by significant evidence is the 
total mass of tissue, or rather, the index of cephalization, measured by the 
ratio of brain to body weight, which seems to represent the amount of 
brain tissue in excess of that required for transmitting impulses to and 
from the integrative centers (5). We must seek the clue to behavioral 
evolution in the number and interconnections of the nerve cells or in their 
biochemical characteristics, not in their gross structural arrangement. 


Variation and Functional Regulation in the Nervous System 


An examination of the general principles upon which the nervous system 
is organized throws somewhat more light upon its possible mode and 
direction of evolution. The system is in some ways the most highly dif- 
ferentiated and exactly genetically determined structure in the body. It 
is also in other respects the most plastic and adaptable. Each of these 
Seemingly incongruous characters presents special problems of phylo- 
genetic development. 

The precision of organization is illustrated by the visual system of 
mammals. In this system there is virtually a point to point or cell to cell 
Connection between the retina and the oceipital lobes of the cerebral 
Cortex, predetermined in growth. Nerve fibers originate in the ganglion 
cell layer of the retina, are relayed in the thalamus, and the connections 
Continued to the cerebral cortex in a nearly exact reproduction of the 
retina, I have found in the rat that the topological arrangements of cell 
bodies in the thalamic nucleus and of their axon terminations in the cortex 
vary at most by two to three cell diameters in a nucleus containing more 
than 34,000 cells and not more than 1 cell in 100 is displaced to this 
s not simply a result of parallel growth 
istributed at random in the optic nerve 
intercrossing between the thalamic 


extent. This precise arrangement i 
of fibers, for the retinal fibers are d 
and seem to undergo a complete 
nucleus and the cortex (20). Other sensory systems seem to be as pre- 
Sisely have been studied less thoroughly. 
The functioning of such systems is rigidly determined in mammals. 
amage to them results in irrecoverable loss, and there is no evidence 


that their mode of action can be modified in any way by learning. They 
are arrangement of the visual paths 


same. Such evolutionary changes 
decrease in number and addi- 


arranged, though they 


in also phylogenetically very old. The 
is ie and man is essentially the 
as have occurred involve only increase or 
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tion or loss of certain types of cells and increase in the proportion of 
uncrossed fibers, but without change in the basic spatial pattern. 

Systems with such accurately determined connections have been re- 

garded as the prototype of all integrative organization. The simple reflex 
arc has been represented as a restricted chain of connected cells trans- 
mitting impulses from sense organs to muscles without mutual ee 
More complicated behavior has been interpreted as a Punto re 
additive activity of such paths. This view of the nervous mechanism has 
underlain a criticism of evolution by random variation, which has been 
a principal argument of Lamarckians and advocates of some form of 
guided evolution. They have maintained that chance variation cannot 
account for the evolution of behavior, because organized behavior calls 
for correlated variation in the genetic determiners for hundreds or thou- 
sands of connections between individual cells, and the chance of such 
correlated variation is infinitely small. 

Evidence is accumulating, however, that the principle of organization 
within integrative centers, such as the cerebral cortex, is entirely different 
from this simple chain conduction. The precise sensory paths transmit 
to the central mechanisms a pattern of excitation corresponding to the 
spatial and temporal distribution of stimulation on the sensory surfaces, 
From this point neither anatomic nor physiologic evidence lends any 
support to the conception of restricted anatomic pathways connecting 
sensory and motor centers. 

The evidence of this statement comes chiefly from what we have called 
stimulus equivalence. An illustration of this is a fact so famili 
generally overlooked: Objects remain the same with innumera 
in visual fixation. The genera 
within the mass of stimuli—t 


ar as to be 
ble changes 
l principle is that reactions are to relations 


o proportions, and the like-and are inde- 
pendent of the excitation of particular nerve fibers. Direct experimental 


work on the nervous system supports this statement. Excitations from 
the retina are transmitted to a definite part of the cerebral cortex, the 


area Striata, and visual integrations apparently take place within this area 


only. Any other part of the cerebral cortex, in the rat at least, can be 
destroyed without i 


every part of the visual area ( 19). 
How far this concept can be c 
for learned reactions as well as for į 


>» any part of the 
cerebral cortex may be removed wi i 
so long as enough of the visua 
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actions at all. All attempts to analyze the nervous basis of mammalian 
instincts, of habits, and of modes of behavior designated as intelligent 
have given similar results, I started experimental studies of the brain in 
the expectation that definite conditioned-reflex arcs could be traced from 
sensory to motor regions. No experimental result has ever been consistent 
with this expectation. One example must suffice. A number of rats were 
trained in a maze and long knife cuts made through the cortex and 
underlying fibers, dividing the brain in a great variety of ways (Fig. 
28.2). No evidence could be obtained that these cuts affected the habit 
in any way, no matter what cortical areas were divided or separated by 
them. The capacity to form new habits was also unaffected. The best 
learning score in my records of several hundred animals was made by a 
rat with both hemispheres split from end to end. There is similar though 
less detailed evidence from monkeys in which the frontal or occipital 
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Fig. 28,2, Composite diagrams of incisions, penetreme the fiber layers of the 
cerebral cortex of the rat, which failed to produce a significant effect upon maze 
Performance. Each pair of symmetrically placed lines in the two hemispheres 
Tepresents the incisions in one animal. Group 1, postoperative initial learning; 
group 2, postoperative retention. (After Lashley, 24.) 


lobes or motor areas have been partially isolated. In man a wound which 
Pierces the occipital lobe may produce a blind spot without distorting the 
Spatial relations of the remaining functional parts of the field. The visual 
integrations are apparently not dependent upon the direct interconnec- 
tions of different parts of the visual cortex. i x 
I have been struck by the fact that even very extensive destruction of 
rain tissue does not produce a disorganization. Behavior becomes sim- 
Plified but remains adaptive. In one experiment rats were trained ona 
latch box which required pushing down a lever, turning, and stepping on 
a platform to open the door to the food box. The normal animal acci- 
dentally works these latches by climbing or stepping on them. After a few 
trials, his behavior changes radically; he may seize the lever with his 
teeth and pull it down, turn, and make a quick thrust against the platform 
with his fore feet. The necessary movement of the objects is somehow 
analyzed from the totality of chance activities, and the rat’s movements 
are directed to manipulate the latches. Rats with large brain lesions learn 
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basis of the central integrative processes. The evidence of this comes 
chiefly from the work of Lorente de Nó (28), which is epoch-making for 
the understanding of the action of the central nervous system. The cere- 
bral cortex consists of a network of nerve cells connected together in 
circuits of different lengths. Figure 28.4 shows some of the interconnec- 
tions between the cells of the cortex. An excited cell transmits impulses 
to adjacent cells, and the excitation may be returned from various dis- 
tances, through one or a thousand links, Since the activation or inhibition 
of a cell is dependent upon the number and frequency of the impulses 
transmitted to it, it is obvious that a system so organized will have its 
own inherent patterns of response. Figure 28.5 represents a situation 
where each cell is connected with two adjacent ones. If two impulses 
arriving in quick succession produce inhibition, the pattern of activity 
shown in the figure would be produced by a series of impulses, Actually 
the diagram is much oversimplified and would not produce such a result 


Fig. 28.5. Diagram to illustrate the principle of pattern formation in a lattice 
of neurons. 


except on some improbable assumptions concerning the development of 
inhibition. However, it serves to illustrate the general principle of organi- 
zation and the fact that a nervous network must necessarily develop its 
own intrinsic patterns of activity. The form of these patterns will vary 
with the number and reactive properties of the cells which are intercon- 
nected. I shall designate these patterns of interacting cells as neural 
schemata. 

Different functional systems have characteristically different arrange- 
ments of cells, which appear to be fairly uniform within the system. Figure 
28.6 shows groups of cells from the same layer in the postcentral, tem- 
poral, and occipital areas of the monkey. In two there are a great variety 
of cell sizes and irregular arrangement; in the other, uniformity in size 
and regular arrangement in vertical chains. There are probably corre- 
sponding differences in intercellular connections, although nothing posi- 
tive is known about this, 

It is not yet possible to analyze the activities of such systems in any 
detail. Biophysicists, under the leadership of N. Rashevsky, have made 
some progress toward formulation of the elementary properties of the 
nervous lattice (13) and I have discussed possible application of the 
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theory to the problems of stimulus equivalence and adaptive behavior 
(23). Köhler and Wallach (15) have approached the same problems 
from a consideration of the electric properties of active nerve cells and 
have developed a theory of field effects which provides a more explicit 
interpretation of some of the phenomena of perception. 

The common characteristic of all these theories of nervous integration 
is the recognition that a network of nerve cells has inherent properties of 
Organization which are dependent upon the spatial and physico-chemical 
Properties of the system as a whole. The significance of such views of 
nervous mechanisms for the problem of evolution is their implication 
Concerning what is genetically determined in behavior and concerning the 
potentialities of the system for correlated variation and self-regulation. 
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p ig. 28.6, The arrangement of cell bodies in lamina III in the postcentral, 
Mporal, and occipital regions of Macaca. (After Lashley and Clark, 25.) 
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Konkret Common to large areas or even to the entire system. The genetic 
such characters presents a quite different problem from the 
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determination of individual interneural connections. The mechanisms of 
their ontogeny may be no more specific than are those which control the 
development of dermal or other structures. Variation or mutation may 
change such characters, with resultant changes in the integrative patterns 
developed within the nervous network, but so long as the tissue retains 
the fundamental characters of the network, its activities will be organized 
according to the same general principles. Just as extensive lesions may 
result in a simplification of reactions without producing a disorganization, 
so mutations may modify the fundamental capacities or modes of integra- 
tion without producing a functional disorganization, so long as a lattice 
of nerve cells is maintained. 


Apparent Discontinuity in the Evolution of Behavior 


The anatomist can sometimes trace the progress of evolution by quanti- 
tative changes in structure. He may see how the form of a limb or tooth 
has developed by changes in its proportions or by the addition, subtrac- 
tion, or reduplication of identifiable elements. Such insight into the 
modifications of behavior is rarely if ever possible. The three types of 
reaction to the object presented in the matching experiment described 
above, as a pointer, as a signal, and as a model, seem qualitatively differ- 
ent. We cannot see how growth of one of these modes of responding can 
transform it into another. The same outcome appears in all attempts to 
measure quantitatively the development of any behavioral function. The 
measures of human intelligence consist of groups of tasks assigned to 
each chronological age, according as some arbitrary percentage of children 
of that age can pass the tests. A quantitative scale in terms of average 
age is thus produced and is assumed to measure something which is 
called intelligence. If the individual test items of different ages are com- 
pared, however, they give no evidence of continuity of growth. There is 
no common function in noting the absence of ears from a sketch of the 
human head and finding the incongruity in a logical contradiction (two 
different age level tests). The processes by which the different tasks are 
carried out seem to form a discontinuous series. This is true of both 
phylogenetic and ontogenetic development. Different levels of capacity are 
largely characterized by different types of integrative activity. Even the 
development of language, to which a major part of human superiority has 
often been ascribed, seems to be primarily the expression of forms of 
relational organization which are absent in lower mammals, rather than a 
means to such organization, as has sometimes been held. 

For example, one of the most important of language 
use of the series of ordinal numbers. Almost all mathematical procedures 
depend upon it. The ordinal numbers involve the matching of two arrays 
of objects and the recognition of their common property of serial order. 


activities is the 
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This can be done to some extent at least without language, as when a 
child sets up two parallel rows of matching blocks. It is not the invention 
of the symbols which makes possible the function, but the extension of 
the capacity for matching objects, shown by the chimpanzee, to the more 
abstract concept of arrangement. The chimpanzee, or even the rat, can 
learn the order of a single series, but no animal has given any evidence 
of the generalization of the order of one set of objects to another. Without 
such generalization the conception of number and the development of 
number-names is impossible. 

In contrast to the apparently diserete qualitative changes in the kinds 
of integration involved in performance of different tasks at different levels 
in the evolutionary scale, the growth of the nervous system presents a 
continuous quantitative change. As I pointed out earlier, the only estab- 
lished structural correlate with evolution in complexity of behavior is 
based upon brain weight. In a number of experiments I have found that 
the severity of deterioration is proportional to the quantity of cerebral 
tissue destroyed. Cell division in the brain is completed in the early years, 
and the intellectual growth of the individual must be due to maturation 
of cells, expressed asa proliferation of axons or as changes in the physio- 
logical characters of the nerve cells. In all these cases a quantitative 
change in nervous tissue seems to correlate with a series of qualitative 
changes in behavioral capacity. 

It is possible that a more penetrating psychological analysis may dis- 
Cover the common processes underlying what seem to be qualitative 
diversities in the organization of behavior, and so reveal a quantitative 
Continuity of behavioral development. Students of genetic psychology 
‘Ave frequently assumed that mental development is a continuous quanti- 
tative growth. Spearman (36), for example, has equated intelligence with 
the level of an hypothetical mental energy. Thorndike (41) has suggested 
that it depends upon the number of potential associative bonds which have 
not vet been preempted by learning. Such speculations, however, do not 
elp us to understand the reasons for such differences in modes of re- 
SPonse as are illustrated by the reactions of spider monkeys and of 
chimpanzees in the matching situation. Some phenomena suggest that the 
‘ind of relation perceived may be a function of the complexity and number 
of the nervous schemata which can be activated and integrated at one 
time. An example from bird behavior may make the meaning of this state- 
ment clearer, The nesting sooty tern holds territorial rights to an area 
Surrounding her nest, and attacks any trespassers. She will rush to the 
defense of any chick which is attacked, even in a neighbor’s territory. 
wing rescued a chick from the attacks of a neighbor, she herself will 
™mediately attack it, if it runs away. If during her attack the chick runs 
under her breast, she responds with the hovering reaction, but after a 
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few seconds she begins to peer about and, finding herself away from her 
nest, stands up, takes a few steps, turns and attacks the chick which she 
has just hovered. The immediate reaction is to a limited range of stimuli, 
and adjustment to the conflicting demands of the whole situation is slow. 
The superior insight into the situation, which makes the bird’s behavior 
seem inadequate and ridiculous to the human observer, lies in the fact 
that more of the elements of the situation are effective at the same time 
for us and our reaction to the combination is more rapid. 

The perception of relations which seem qualitatively different, such as 
those of pointing and of likeness in the matching problem, might possibly 
be reduced to such quantitative terms, depending upon the number of 
elements in the situation which can be integrated simultaneously. An 
increasing number of cells and axon connections might make possible 
the development of a more complex structure, without change in the 
fundamental mode of organization, just as a larger piece of a regenerating 
hydroid can develop more nodes of differentiation and so a more complex 
pattern of tentacles than a smaller one (7). Thus far, attempts to analyze 
processes of generalization into such quantitative terms have been unsuc- 
cessful. 

A second alternative is that continued research on the finer structure 
of the nervous system may discover changes in the type of interneural 
connections which correspond to qualitative changes in behavior. There 
is little indication of this in current investigations, but techniques for 
detailed analysis of the finer structural relations in the nervous system 
are not at present available. Until this problem of continuous or discon- 
tinuous steps in the development of the nervous system and of behavior 
has been solved, a significant correlation of the two will not be possible. 


Genetic Determination of Specific Types of Behavior 


With such a view of nervous organization, what may be the basis of 
such specific instinctive behavior as the orb-weaving of spiders, or the 
selective recognition of objects like the egg of the bird or of the young 
of the species by various birds and mammals? There are indications that 
the human cerebrum has a predilection for certain types of geometrical 
organization. In hemianopia most objects are cut off sharply at the edge of 
the blind field, but simpler geometrical figures like a square or circle 
cannot be so divided. When only half of such a figure falls within the 
seeing field, its form is spontaneously completed; it is seen as an entire 
square or circle (8, 32). In one type of migraine, blind spots filled with 
scintillating lines develop. The form taken by these lines, the so-called 
fortification figures, is uniform for all subjects and probably represents 
a preferential pattern of the cortical tissue in spontaneous discharge (22). 

We have raised the question whether differences in the behavior of 
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animals could be correlated with differences in such tendencies to nervous 
patterning. Earlier experiments by Hertz (12) indicated that, whereas for 
mammals such simple figures as the square or triangle are most readily 
identified, patterns of radiating lines, like flower forms, are most readily 
identified by bees. This was interpreted as indicating a difference in the 
types of perceptual organization in insects and vertebrates. It turned out 

„ that the effective stimulus for the bee is the flicker produced by the lines 
as it flies above them (42) and its ready response to flower patterns is 
hot evidence for a different patterning of neural impulses, but the ex- 
ample serves to illustrate the general type of neural mechanism for 
which we must search in the analysis of instincts. The nesting tern seems 
to notice no difference when her eggs are dyed red or black but is imme- 
diately and greatly disturbed if their smooth contour is altered by sticking 
on a bit of clay or putty. For her, smoothness of outline is the essential 
character of the egg. This is the sort of property that can be most easily 
interpreted in terms of the inherent tendencies to functional organization 
in the nervous network. 

I do not mean to imply by this that the geometry of the web of the 
Spider is exactly represented in the spider's brain, that the orb tends to 
’e completed as the circle or square is completed in hemianopia. The 
Process of web-spinning is much too complicated for this, but various 
elementary actions that contribute to the structure of the orb are under- 
Standable in such terms. The angle of radii may be determined by the 
angle at which the legs are held (31); the completeness or incompleteness 
of the orb may depend upon the readiness with which certain postures 
are assumed in relation to gravity. Detailed analysis of the steps in web 
Construction will be necessary before explanation of the finished product 
can be attempted, The simple nest of the rat is piled and pushed about 
until it satisfies certain sensory requirements of reduced heat loss. The 
orb of the spider is perhaps a ‘composite of several such sensory require- 
Ments, combined with some specialized geometrical perceptions such as 
âre illustrated by the rat's more ready recognition of a triangle or circle 
than of irregular ink blots which differ even more in shape. 

A Study of complex instincts requires a detailed analysis of the exact 
Stimulus or combination of stimuli which call forth the behavior, com- 
Med with descriptions of the behavior elicited. This has been attempted 
under controlled conditions only for some instinctive behavor of birds 
(29) and for the mating and maternal behavior of the rat, and in no case 
as the analysis been carried to the limits which are necessary to define 
© actual Properties of the objects which elicit the instinctive responses. 
an 5 Possible to arrange the webs of different spiders into a series which 
Miustrates their olion from the tangle of threads of Theridion to the 
Perfect orb of Gasteracantha, but the webs are the products of behavior 
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and do not tell what has changed in the spiders themselves or how their 
behavior has altered. The behavior of different species in web-spinning 
has not been analyzed. 

At present there is no factual basis upon which a theory of the heritable 
mechanisms of specific patterns of behavior can be based. Instinctive acts 
have generally been described in terms of their products. They must be 
subjected to analysis in terms of the exact exciting stimuli and of the 
movements elicited. The behavior of related species must be compared 
from this point of view. Only then can the evolutionary steps in behavior 
be profitably compared. 


Comparative Stability of Behavior Traits 


Among morphological characters there appear to be very great differ- 
ences in phylogenetic stability; some basic structural patterns have re- 
mained relatively unchanged throughout mammalian and even vertebrate 
evolution, while others have run the scale of imaginable changes. These 
differences may be due either to selection pressure or to inherent tend- 
encies to variation. In either case there is some basis for prediction of 
further changes. In behavioral patterns there are similar differences in 
stability. I pointed out that the topological arrangement of afferent systems 
is remarkably constant among vertebrates. The correlated functions of 
sensory perception are similarly uniform, Studies of visual perception in 
birds, rodents, and monkeys have not revealed significant differences 
from man. 

Emotional behavior seems likewise to have undergone relatively little 
change, at least in mammalian evolution. The chemistry of the endocrines 
is remarkably constant and the reactions of the nervous system to them 
are equally so. The same types of nervous derangement follow glandular 
disorders in dogs and in man (38). The subordinate chicken (2) and the 
subordinate chimpanzee (4) become aggressive and dominant under large 
doses of testosterone. 

All investigators who have worked closely with the champanzee agree 
that these apes resemble man far more closely in their emotional and 
interpersonal reactions than in the behavior designated as intelligent. 
Descriptions of the social reactions of groups of dogs, associated as in 
sledge teams, correspond quite closely to the social reactions of the 
chimpanzees, For example, the dominant male dog and dominant male 
chimpanzee both grant feeding privilege to the receptive female. It is 
difficult to objectify and quantify such behavior. Judgments of emotion 
and temperament in animals are still largely intuitive and prescientific, 
as indeed they are also in human psychology, but fundamental patterns 
of emotional reaction and temperamental types seem to have undergone 
little change in mammalian evolution, The major changes are rather the 
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result of the development of intelligent foresight and the inhibition of 
action in anticipation of more remote prospects. 

Thus two aspects of nervous functioning seem to have remained re- 
markably stable in mammalian evolution. The highly differentiated struc- 
tural arrangements, such as the cortical projection of fibers of the visual 
System, are fundamentally the same in all mammals. Their structure is 
understandable in terms of tissue polarization in the early spatial dif- 
ferentiation of the embryo. The endocrine-neural relations, influencing the 
general level of neural activity and the activation of specialized systems, 
Such as those of mating and maternal behavior, seem even more primitive, 
with mechanisms little changed throughout the vertebrate series. 


Conclusion 


Evolutionary changes between marsupials and man have been almost 
exclusively an increase in the capacity to discover significant relations 
among the elements of a situation and to adjust behavior in terms of a 
Maximum number of such relations. It is obvious that we have as yet only 
the vaguest notion of the neural mechanisms which produce such an 
Organization of behavior. At the level of simple perception a start has been 
Made toward understanding the principles of integration in terms of the 
Properties of a network or lattice of interacting nerve cells. For more 
Complex behavior or more abstract functions we can only guess that the 
Same general principles apply in the interaction of neural schemata estab- 
lished in different lattices. Mr 

The student of physical evolution must deal with gene variation and 
the resultant changes ‘in structure. The student of behavior has to consider 
an additional step: from gene to brain structure, from brain structure to 
behavior, The interpretation of nervous organization that I have described 
Somewhat simplifies the first of these steps. Precise neural connections, 
where they occur, are clearly the result of the spatial characteristics of 
the developing organism and can be dealt with in the same terms as other 
Structures differentiating in a polarized field. The changes in the inte- 
Srative network are most probably quantitative; indeed, the difference in 
ehavioral capacity between man and the chimpanzee may be no more 
neural addition “i one es er the segmentation of the 

asts which form the cerebral ne f RS 
he step from neural structure to an understanding of the details of 
avior is more obscure, but I believe that the general principles of 
Organization are within our grasp. Progress toward an understanding 
of the evolution of behavior depends upon our ability to analyze the prop- 


erties of the nerve net and to discover the phylogenetic differences in its 
Structur ‘ 
Ire, 


Deh 
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eg. IN SEARCH OF THE ENGRAM! 


When the mind wills to recall something, this volition causes the little [pineal] 
gland, by inclining successively to different sides, to impel the animal spirits 
toward different parts of the brain, until they come upon that part where the 
traces are left of the thing which it wishes to remember; for these traces are 
nothing else than the circumstance that the pores of the brain through which 
the spirits have already taken their course on presentation of the object, have 
thereby acquired a greater facility than the rest to be opened again the same 
way by the spirits which come to them; so that these spirits coming upon the 
pores enter therein more readily than into the others. 


So wrote Descartes just three hundred years ago in perhaps the earliest 
attempt to explain memory in terms of the action of the brain, In the inter- 
vening centuries much has been learned concerning the nature of the 
impulses transmitted by nerves. Innumerable studies have defined condi- 
tions under which learning is facilitated or retarded, but, in spite of such 
progress, we seem little nearer to an understanding of the nature of the 
memory trace than was Descartes. His theory has in fact a remarkably 
modern sound. Substitute nerve impulse for animal spirits, synapse for 
pore and the result is the doctrine of learning as change in resistance of 
synapses. There is even a theory of scanning which is at least more definite 
as to the scanning agent and the source of the scanning beam than is its 
modern counterpart. 

As interest developed in the functions of the brain the doctrine of the 
separate localization of mental functions gradually took form, even while 
the ventricles of the brain were still regarded as the active part. From 
Prochaska and Gall through the nineteenth century, students of clinical 
neurology sought the localization of specific memories. Flechsig defined 
the association areas as distinct from the sensory and motor. Aphasia, 
agnosia, and apraxia were interpreted as the result of the loss of memory 
images, either of objects or of kinesthetic sensations of movements to be 
made. The theory that memory traces are stored in association areas 
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adjacent to the corresponding primary sensory areas seemed reasonable 
and was supported by some clinical evidence. The extreme position was 
that of Henschen, who speculated concerning the location of single ideas 
or memories in single cells. In spite of the fact that more critical analytic 
studies of clinical symptoms, such as those of Henry Head and of Kurt 
Goldstein, have shown that aphasia and agnosia are primarily defects in 
the organization of ideas rather than the result of amnesia, the conception 
of the localized storing of memories is still widely prevalent (52). 
While clinical students were developing theories of localization, physi 
ogists were analysing the reflex arc and extending the concept of the reflex 
to include all activitv. Bechterew, Pavlov and the behaviourist school in 
America attempted to reduce all psychological activity to simple associa- 
The path of these conditioned reflex 


tions or chains of conditioned reflexes. 
circuits was described as from sense organ to cerebral sensory area, thence 
through associative areas to the motor cortex and by way of the pyramidal 
paths to the final motor cells of the medulla and cord. The discussions of 
this path were entirely theoretical, and no evidence on the actual course 
ex are was presented. 


of the conditioned refle 

In experiments extending over the past 30 years I have been trying to 
trace conditioned reflex paths through the brain or to find the locus of 
specific memory traces. The results for different types of learning have 
been inconsistent and often mutually contradictory, in spite of confirmation 
by repeated tests. I shall summarize today a number of experimental find- 
Ings. Perhaps they obscure rather than illuminate the nature of the engram, 
but they may serve at least to illustrate the complexity of the problem and 
to reveal the superficial nature of many of the physiological theories of 


Memory that have been proposed. 

I shall have occasion to refer to training of animals in a variety of ta 
so shall give a very brief description of the methods used. The animals 
Studied have been rats and monkeys with, recently, a few chimpanzees. 
the problem have been followed. One is purely 
of the sensory excitations which 


S, 


Two lines of approach to 
behavioural and consists in the analy: 
are actually associated with reactions in learning and which are effective 
in eliciting the learned reactions. The associated reactions are similarly 
analysed, These studies define the patterns of nervous activity at receptor 
and effector levels and specify certain characteristics which the memory 
trace must have. The second approach is by surgical destruction of parts 
of the brain. Animals are trained in various tasks ranging from direct 
solution of difficult problems. Before or 


Sensor saps 
ee Aen associations to the 
alter training, associative tracts are cut or portions of the brain removed 


and effects of these operations on initial learning or postoperative retention 
one measured. At the termination of the experiments the brains are sec- 
loned and the extent of damage reconstructed from serial sections. The 
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brains are also analysed for secondary degeneration, so far as available 
histological methods permit. 
Elimination of the Motor Cortex 
I first became sceptical of the supposed path of the conditioned reflex 
when I found that rats, trained in a differential reaction to light, showed 
no reduction in accuracy of performance when almost the entire motor 
cortex, along with the frontal poles of the brain, was removed. This 
observation led to a series of experiments designed to test the part played 
by the motor cortex or Betz cell area in the retention of various habits. 
The matter can be tested either by removing the motor cortex or by sever- 


Visual 


(6) 


Fig. 29.1. Functional divisions of the rat’s brain. (a) The projection fields of 
the principal thalamic nuclei: av., anteroventral; lat., lateral; l.gn., lateral 
geniculate; l.p., lateral, pars posterior; m.d., median dorsal; m.gn., median 
geniculate; m.v., median ventral; v., the various divisions of the central 
nucleus. The projection fields of the median nuclei (m.d., m.v.) correspond 
to the prefrontal areas of primates. (b) Location of visual, auditory, and 
overlapping sensory-motor areas. (After Lashley, 44.) The region marked T 
is probably homologous with the temporal association area of primates, 


ing its connexions with the sensory areas of the br: 
been used with the rat and the monkey, 

The sensory and motor areas of the brains of these 
mapped by anatomic methods and by electric stimulation, Figure 29,1 
shows the principal areas of the rat’s brain, the separate auditory and 


visual areas and the overlapping sensory and motor areas. Figure 29.2 
composite from several sources of the chief sensory and motor area 
the brain of the macaque monkey, 


Incisions were made through the corte 
rat’s brain such as to sever the visual 
the motor regions of the brain, The ra 
called the conditional reaction, They a 
and to avoid a white x when both fig 


ain. Both methods have 


animals have been 


isa 
s of 


x and underlying fibres of the 
areas more or less completely from 
ts were then trained in what I have 
re taught to jump to a white triangle 
ures are on a black background, but 


(| 
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to choose the X and avoid the triangle if the background is striped; the 
direction of choice is conditional upon the character of the background. 
This is the most difficult visual generalization that we have been able to 
teach the rat. Animals with incisions like those shown in Fig. 29.3, which 
practically separate the motor regions from the visual, were able to learn 
this reaction as quickly as did normal controls (42). 


(a) 


Fig. 29.2. Functional divisions of the monkey’s brain. (a) The projection of 
the principal thalamic nuclei. Abbreviations as in Fig. 29.1. The homologies 
between the divisions of the central and lateral nuclei are uncertain. (b) Loca- 
tion of functional areas. 


Fig. 29.3, Lesions partially separating the visual area (stippled) from the motor 
areas (outlined by dashes) of the rat’s brain without disturbing visual learning. 


Monkeys were trained to open various latch boxes. The motor areas 
Were then removed, as shown in Fig. 29.4. Note that these lesions involved 
both the Betz cell area and the premotor area, including parts of the eye 
fields around the arcuate sulcus. This operation produces a temporary 
paralysis, but after 8 to 12 weeks this paralysis recovers to such an extent 
that the animals are capable of the movements required to open the boxes. 
During this recovery period they did not have access to the training boxes. 
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When sufficiently recovered, they were tested and opened the er 
promptly without random exploratory Era The tasks a h 
visual recognition of the latches and semiskilled movements, such as 
turning a crank. Removal of the motor areas did not produce a loss of 
memory for the movements (33). Jacobsen has since confirmed these 
observations with a chimpanzee from which the motor cortex was re- 
moved (24). 
These experiments seem to rule out the motor cortex or Betz cell area as 
containing any part of the conditioned-reflex arc. The traditional view of 
the function of this area regards it as 
the region of final integration of skilled 
voluntary movements. My own inter- 
pretation, to which few neurologists 
would subscribe, is that it has no direct 
concern with voluntary movement, but 
is a part of the vast reflex postural sys- 
tem which includes the basal nuclei, 
cerebellar and vestibular systems. Cer- 
tainly there is no evidence that it forms 
a part of the conditioned reflex circuit. 
For the rat the experiments rule out 
the whole frontal region of the brain 
from participation in visual habits. In 
the monkey there remains another pos- 
Fig. 29.4. Extent of cortical le- sibility. The so-called visual associative 
nan — u area (area 18) has direct connexion 
bounded caudally by the cen- with the cortex of the arcuate sulcus 
tral fissure and extends forward (area 8), and this in turn with the 
to include the arcuate sulcus. premotor cortex (area 6). This last 
area is also motor and perhaps equiva- 
lent in function with the Betz cell area (5). The cortex of the arcu- 
ate sulcus and of a considerable surrounding area was removed from 
five monkeys that had been trained in a variety of visual discrimi- 
native reactions. After the operations they showed perfect retention of all 
their visual habits (45). Jacobsen (24) has reported loss of certain latch- 
box habits in monkeys al of area 6, but there are indications 
that this may be a kinesthetic-sensory area (17, 57), and the loss cannot 
be ascribed to disturbance of its function as a final common motor path. 


I have removed it in combination with area 4 without disrupting motor 
habits (33). 


I have occasionally 
prefrontal lobe lesions 


after remov. 


seen the type of defect reported by Jacobsen after 
‚as also reported by Kennard (27), but it has not 
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occurred consistently and its occurrence remains unexplained. I did not 
find it after removal of area 6 in conjunction with the Betz cell area. 


Transcortical Conduction 

There is evidence, not only that the motor cortex does not participate in 
the transmission of the conditioned-reflex pattern, but also that the trans- 
ion of impulses over well-defined, isolated paths from one part of the 
cortex to another is inessential for performance of complicated habits. The 
maze habit of the rat almost certainly involves the utilization of several 
sensory modalities, visual, tactile and kinesthetic, In a rather complicated 
set of experiments I attempted to test the importance of connexions across 
the cortex for maze performance. Rats were trained on the maze, then 
knife cuts were made through the cortex and underlying fibres, separating 
different functional areas or cutting through functional areas. The incisions 
were long, averaging half of the entire length of the cerebral hemispheres. 
After recovery the animals were tested in retention of the maze habit. In 
other experiments the incisions were made before training and their effect 
upon the rate of initial learning was tested. In neither initial learning nor 
in retention could any certain effect of separating the various parts of the 
cortex be demonstrated. If the incisions interrupted sensory tracts to the 
Cortex, there was loss of the habit, but uncomplicated separation of corti- 
cal areas produced no effect on performance. Figure 28.2 gives composite 
diagrams of incisions which were without effect on maze perform- 
ance (44), 

Both the anatomic evidence of Le Gros Clark (7) and the physiological 
evidence from strychninization of the cortex (4) show that the primary 
Visual area has direct axon connexions only with the immediately adjacent 
Cortex. In experiments which I shall report in more detail in considering 
the function of associative areas, I removed the greater part of this band 
of cortex surrounding the visual areas from five monkeys that had been 
trained in a variety ‘of visual habits (Fig. 29.5). This operation almost 
Certainly destroyed all the relay connexions across the cortex from the 
Macular fields. It produced no loss of visual habits based on discrimina- 
tion of the colour, brightness, or form of objects (45). 

_ Miss Wade trained monkeys in habits which are abolished by destruc- 
tion of the frontal lobes and ‘which require visual, tactile and kinesthetic 
adjustments, I cut the transcortical fibres of the frontal lobes in these 
animals, leaving only the projection fibres for the area. There was no dis- 
turbance of performance after the operations (unpublished experiments). 

Such results are certainly puzzling. They leave us with almost no under- 
Standing of the function of the associative fibres which extend across from 
ONE part of the cortex to another. The results are difficult to accept, yet 
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they are supported by various other lines of evidence. Smith (54) and 
Akelaitis (1) have reported careful studies of human patients in whom 
the corpus callosum (the great commissure of fibres connecting the two 
hemispheres) had been severed in an effort to stop the spread of Jack- 
sonian epilepsy. These investigators were not able to demonstrate any 
effects of the operation except a slight slowing of reaction time, which was 
equally great, whether the reaction was on the same or opposite side of 
the body to that stimulated. Sperry (55) has divided the arm motor and 
sensory areas of the monkey’s brain into a number of small square divisions 
(Fig. 29.6) by careful subpial section. Although the operations were 
intended to sever only the intrinsic fibres of the cortex, they actually 
destroyed most of the longer loop fibres as well. Such animals do not show 


Fig. 29.5. Lesions, marked by hatching, which destroyed the 
greater part of the so-called visual associative areas in a mon- 
key without affecting visual functions, 


any postoperative incoordination of the movements of the different 
segments of the arm and use the arm efficiently in the performance of 
habitual movements. 

It is difficult to interpret such findings, but I think that they point to the 
conclusion that the associative connexions or memory traces of the condi- 
tioned reflex do not extend across the cortex as well-defined arcs or paths. 


Such ares are either diffused through all parts of the cortex, pass by relay 
through lower centres, or do not exist. 
There is the 


fibres. The supposed cortico-thalamic fibres follow the paths of the 
afferent fibres and may not be efferent. Secondly, in the rat at least there 


— 
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is little evidence of an elaborate system of intrathalamic association fibres. 
After a cortical injury thalamic nuclei degenerate completely without 
leaving a residue of internuncial cells. The question of the importance of 
intrathalamic association is not settled, and none of the available anatomic 
or physiological techniques is capable of giving conclusive evidence. 

A few experiments by Ingebritsen (23) on the spinal cord suggest that 
the essential pattern of a learned reaction can be transmitted by a diffuse 
nervous network. Ingebritsen made double hemisections of the spinal 
cord of rats, severing one half at the second, the other at the fifth cervical 
level. These lesions cut all long fibres connecting the brain with the spinal 
motor centres of the limbs. Nevertheless, such rats retained maze habits 
and were able to learn to operate latch boxes requiring that they rise on 


Fig. 29.6. Pattern of incisions in the motor and sensory 
areas of two monkeys which did not produce incoordina- 
tion movements. (After Sperry, 55.) 


the hindfeet and depress a lever with the forepaws. . . . There are 
no long fibres, either sensory or motor, crossing over between the two 
levels of these sections. Habit patterns cannot be acquired by the isolated 
Spinal cord (26). Somehow, the control of the motor pattern essential for 
the performance of the complex acts traverses the network of short inter- 
Nuncial cells of the spinal cord, 


The p. roblem of the “Association Areas” 


tera theories of the memory trace the association areas of the 
ee played a major part. Frontal, parietal, occipital and temporal 
ackin a res have been distinguished as regions of the cortex, relatively 
asis B os missive connexions with the lower centres of the brain. On the 

relations ee © clinical evidence, but chiefly because of their anatomic 
Storehouse we pliant have been considered as associative and as the 
s of memory images of sensations derived from the adjacent 
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sensory areas. Thus areas 18 and 19 of Brodmann’s questionable divisions 
have been called the visual associative areas, areas 5 and 7 tactile asso- 
ciative, and areas 20, 21, and 22 of the temporal lobe the auditory asso- 
ciation areas. The prefrontal area was considered by Hitzig to bea higher 
integrative region because he believed that it showed the greatest evolu- 
tionary growth in the primate brain. Special memory functions were also 
ascribed to it, however. 

S. I. Franz reported that the removal of the frontal association areas of 
cats destroyed recently formed habits but left old, well-established habits 
unaffected (15). The actual observation was that the cats lost their habits 
of opening latch boxes but would still come when called. His operations 
destroyed much of the motor areas as well as the prefrontal cortex. I later 
trained monkeys on latch boxes and removed the prefrontal cortex, in an 
experiment designed to test the influence of the operation on learning 
ability. During the period allowed for recovery one of the animals found 
the experimental boxes piled in the corner of the room and promptly 
opened them. Tests of the other animals showed perfect retention of the 
manipulative habits. There was no indication that the recently acquired 
habits had been lost. Jacobsen took up the problem at this point and car- 
ried it further. He found that visual discriminative habits and simple 
habits of latch-box manipulation are unaffected by loss of the prefrontal 
association areas. Habits requiring a series of acts, such as opening a box 
with several independent latches, may be lost. This is not, however, a 
simple removal of memory traces. The animals are incapable of relearn- 
ing the functions which they have lost. They fail because of a difficulty in 
going on from one task to the next, not from loss of memory of the indi- 
vidual items of the task (25). 

Loss of the delayed reaction after removal of the prefrontal lobes of the 
monkey has been interpreted as a loss of immediate memory. However, 
this task and others, which are affected by prefrontal injury, all involve 
a series of conflicting actions. Difficulty in maintaining a constant set or 
attitude is the real basis of the loss. Such an interpretation fits better with 
clinical findings than does the hypothesis of memory defect. 

We have recently been testing the relation of other associative areas to 
memory functions in the monkey. Five spider monkeys were trained on 
a variety of visual tasks. A band of cortex surrounding the primary visual 
areas and including the visual associative areas of Campbell and Brod- 
mann was then removed (Fig. 29.6), and the animals were tested for 


retention of habits based on discrimination of colours, of geometric forms, 


and of a number of familiar objects, such as visual recognition of their 
home cages, of the ca: 


retaker, and the like. No loss of any visual memories 
could be demonstrated (45). 


Similar experiments with habits of tactile discrimination are now being 
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completed. The monkeys are required to reach through a hole in a parti- 
tion and to distinguish variously shaped covers of food dishes by touch 
alone. They learn readily such tasks as to choose a cylinder and reject a 
prism, if both are smooth, but to choose the prism, if both are coated 
with sandpaper. When they had reached a standard criterion of accuracy, 
the parietal associative areas (Brodmann’s areas 5 and 7) were removed. 
No animal has shown significant loss of the habits based on tactile dis- 
crimination after removal of these areas alone (Dr. Josephine Blum). 

Removal of the lateral surfaces of the temporal lobes alone has also not 
affected visual or tactile habits. 

A number of experiments with the rat have shown that habits of visual 
discrimination survive the destruction of any part of the cerebral cortex 
except the primary visual projection area. Similarly for auditory habits 
and the auditory cortex. There is no indication of specialized memory areas 
outside the prim ; sensory fields. Although there are not clearly dis- 
tinguished associative areas in the rat's cortex, I have become somewhat 
Sceptical of the existence of any great difference in the extent of asso- 
ciative areas, as between the rat and monkey. The best anatomic index 
that we have of the functional differentiation of a cortical area is its 
Connexions with the thalamus. The prefrontal cortex of man is the projec- 
tion field of the dorsomedial and ventromedial nuclei. The corresponding 
nuclei in the rat’s thalamus project to a large frontal region, perhaps pro- 
Portionately as large as the prefrontal lobes of man (40). This region also 
includes the electrically excitable points for the head and part of that for 
the forelegs, It has therefore been classed as motor, but it is equally 
Justifiable to class it as corresponding to the human prefrontal cortex. 

It has been claimed that the differentiation of a number of cerebral 
Areas contributes to man’s superior intelligence by avoiding confusion of 
“Unctions, but, if the anatomic relations in man and the rat were reversed, 
it would be concluded with equal assurance that, because intellectual 
Activity requires close integration of different functions, the advantage lies 
with the brain in which functional areas are not sharply set off. Such post 
hoe arguments based on anatomic grounds alone have little value for func- 
tional interpretations. Many current conceptions of cerebral physiology 
are based upon just such dubious inferences from anatomic data. 

The outcome of the experiments involving removal of the associative 
Areas of the monkey was unexpected, in spite of the fact that it confirms 
the earlier results with the rat. The conclusion, which seems to be forced 
oy the accumulated data, runs counter to the accepted tradition concern- 
ing the organization of the cerebral cortex. Memory traces, at least of 
Simple Sensory-motor associations, are not laid down and stored within 
the Associative areas; at least not within the restricted associative area 
Supposedly concerned with each sense modality. Memory disturbances of 
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simple sensory habits follow only upon very extensive experimental de- 
struction, including almost the entire associative cortex. Even combined 
destruction of the prefrontal, parietal, occipital and temporal areas, exclu- 
sive of the primary sensory cortex, does not prevent the animal from 
forming such habits, although preexisting habits are lost and their re- 
formation is greatly retarded. 

These results, showing that the so-called associative areas are not 
essential to preservation of memory traces, have been obtained with rats 
and monkeys. Is there a greater cortical differentiation in anthropoid apes 
and man? We have experimental data only on the prefrontal associative 
cortex of the chimpanzee and of man. Bilateral removal of the entire 
prefrontal granular cortex in five chimpanzees in our laboratory has not 
resulted in any memory defect. One two-year-old animal, lacking pre- 
frontal and parietal areas, removed in early infancy, falls well within the 
normal range in all aspects of development. Adult chimpanzees, trained in 
such complicated habits as choosing an object, like a model shown, retain 
the habits after removal of the entire prefrontal cortex. We have not been 
able to demonstrate loss of any memory or, in fact, of any function after 
such operations. 

Clinical data, with amnesias following apparently small lesions, seem 
to contradict such experimental findings. However, lesions in the human 
brain are mostly the result either of tumor growth or of severe traumatism, 
both of which probably produce widespread changes in addition to the 
local injury. The surgical removal of parts of the frontal lobes in the recent 
topectomy studies has not produced such severe defects as usually result 
from traumatic destruction of the lobes (51). 


The Role of Subcortical Structures 


Perhaps we have been looking in the wrong place for the conditioned- 
reflex arcs or memory traces, Are they formed somewhere else than in the 
cortex? Experiments on the thalamus and other subcortical structures are 
technically difficult, and there is little direct evidence on this question, 
Since the classical experiments of Goltz a number of investigators have 
studied the capacity of the totally decorticate animal to learn. The out- 
come of these experiments is that such animals can form simple sensory- 
motor associations, although with extreme slowness in comparison with 
the rate of the normal animal (18, 53). We must ask, however, whether 
such learning occurs when the cortex is intact. 

When the sensory or associative areas of the cerebral cortex 
stroyed, the corresponding nuclei of the neo-thalamus degenerate, so this 
portion of the subcortex is eliminated from consideration by the same 
experiments which rule out the cortical association areas, The only experi- 
ments bearing upon the participation of other subcortical centres sug- 


are de- 
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gest that subcortical learning does not occur when the cortex is func- 
tioning. 

Fischel (14) has maintained, solely from comparative psychological 
studies, that the basal ganglia are the seat of the space-coordinate ele- 
ments of motor habits. I have destroyed the greater part of these struc- 
tures in rats, trained in the discrimination box, without producing loss of 
Orientation. The animals may perform forced circus movements but, in 
Spite of this, they maintain their orientation in the problem box (31). 
The basal ganglia in man are subject to various degenerative diseases. 
The symptoms of such diseases are, in general, tremors and other disturb- 
ances of coordination at a primitive level, but without evidence of apraxia 
or other disorder of the learned patterns of motor coordination. The evi- 
dence seems conclusive that in mammals the basal nuclei are not an 
€ssential link in the patterning of learned activities. 

Tt has been widely held that although memory traces are at first formed 
in the cerebral cortex, they are finally reduced or transferred by long 
Practice to subcortical levels. The evidence for this has been the appar- 
ently greater fragility of recently formed habits than of old habits; the 
Supposedly greater resistance of the latter to brain injuries. The amnesias 
following electroshock therapy indicate that it is the age of the trace and 
Not the amount of practice that has built it up which determines its sur- 
Vival, and a difference of a few minutes in the age of memories may suf- 

ce to determine their loss or survival. This is scarcely evidence for 
reduction to lower levels of the nervous system. The chief argument for 
the dropping out of memory traces from the cortex has seemingly run 
Somewhat as follows: Consciousness is a function of the cerebral cortex; 
©ng-practised habits become automatic and are performed without con- 
Scious control; therefore they are no longer mediated by the cerebral cor- 
tex. Both premises of this syllogism are probably false, and the conclusion 
Would not follow if they were true. 

When rats are trained in a habit based upon the discrimination of in- 
tensities of light, to choose a brightly lighted alley and avoid a dimly 
ighted one, the removal of the striate cortex completely abolishes the 
habit, The animals are able to relearn the reaction and require as much 
Practice as they did for initial learning. One group of animals was trained 
this habit and given 1,200 trials of overtraining, daily practice for a 
Period of 8 months. Their behaviour strongly suggested automatization of 
the habit. The striate areas were then removed. The habit was lost, just as 
in the case of animals which are operated as soon as they give evidence 
of the presence of the habit. The long overtraining did not eliminate the 
Participation of the cortex (30). 
his visual habit can be formed in the absence of the visual cortex, and 


the rates of learning with and without the visual area are exactly the 
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same. The average for 100 normal animals is 125 trials; for nearly 100 
without the visual areas it is 123 trials. After such animals, lacking the 
visual cortex, have learned the brightness reaction, any other part of the 
cerebral cortex may be destroyed without disturbing the habit. Appar- 
ently no other part of the cortex takes over the learning function (32). If, 
in addition to removal of the striate areas, the pretectile region of the 
thalamus and the optic tectum are destroyed, the animals cannot learn the 
discrimination reaction (37). These facts indicate that, in the absence of 
the visual cortex, the learning of the brightness reaction is carried out by 
the optic tectum. However, so long as the visual cortex is intact, removal 
of the tectum has no effect whatever upon the performance of visual 
habits. The tectum apparently does not participate in visual learning so 
long as the cortex is intact (37). 

Dunlap (8) has advanced the hypothesis that complex serial habits, 
such as those of maze running, playing a musical passage, or speaking a 
sentence, are at first chains of sensory-motor reactions in which excitations 
from muscular contractions in one movement of the series serve as stimuli 
to elicit the next. He holds that, with continued practice, there is a short- 
circuiting of these conditioned reflex pathways through the cerebellum 
and that the peripheral elements drop out. McCarthy and I (47) at- 
tempted to test this hypothesis by training rats in the maze, removing the 
cerebellum, and testing for retention. The operations greatly disturbed 
the motor coordination of these animals. Some of them practically rolled 
through the maze, but they rolled without entering the blind alleys. 
There was no loss of memory of the sequence of turns in the maze. 

These few experiments are, of course, by no means conclusive. They 
constitute, however, the only direct evidence available, and they definitely 
point to the conclusion that, if the cerebral cortex is intact, the associative 
connexions of simple conditioned reflexes are not formed in the subcorti- 
cal structures of the brain. 

The studies which I have reported thus far point to the conclusion that 
habits based upon visual discrimination are mediated by the striate areas, 
by the primary visual cortex, and do not involve the activity of any other 
part of the cerebral cortex. The conduction of impulses is from the retina 
to the lateral geniculate nuclei, thence to the striate areas, and from them 
down to some subcortical nervous mechanism. The path beyond the striate 
cortex is unknown. It may be direct to the spinal cord. There is some 
evidence that the pyramidal paths contain many fibres from all parts 
of the cerebral cortex, not from the Betz cell area only. 

It seems probable that the same restriction of simple discriminative 
habits to the primary sensory areas holds also for other sensory modalities. 


The evidence is less complete, but what there is is consistent with the 
data on the visual system. 


re 
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The evidence thus indicates that in sensory-motor habits of the condi- 
tioned reflex type no part of the cerebral cortex is essential except the 
primary sensory area. There is no transcortical conduction from the 
sensory areas to the motor cortex, and the major subcortical nuclear 
masses, thalamus, striatum, colliculi and cerebellum, do not play a part in 
the recognition of sensory stimuli or in the habit patterning of motor 
reactions. i 


The Engram within Sensory Areas (Equipotential Regions) 


The experiments reported indicate that performance of habits of the 
conditioned reflex type is dependent upon the sensory areas and upon no 
other part of the cerebral cortex. What of localization within the sensory 
areas? Direct data upon this question are limited, but point to the conclu- 
sion that so long as some part of the sensory field remains intact and there 
is not a total loss of primary sensitivity, the habit mechanism can still 
function. Thus, in a series of experiments attempting to locate accurately 
the visual cortex of the rat, parts of the oceipital lobes were destroyed in 
a variety of combinations. In these experiments it appeared that, so long 
as some part of the anterolateral surface of the striate cortex (the projec- 
tion field of the temporal retina corresponding to the macula of primates) 
remained intact, there was no loss of habit. Any small part of the region 
Was capable of maintaining the habits based on discrimination of intensi- 
ties of light (37). 

In a later experiment an attempt was made to determine the smallest 
amount of visual cortex which is capable of mediating habits based upon 
detail vision. The extent of visual cortex remaining after operation was 
determined by counting undegenerated cells in the lateral geniculate 
Nucleus. Discrimination of visual figures could be learned when only one- 
sixtieth of the visual cortex remained (39). No comparable data are avail- 
able on postoperative retention, but from incidental observations in other 
experiments I am confident that retention would be possible with the 
Same amount of tissue. 

In an early study by Franz (16) the lateral surfaces of the occipital 
Obes of the monkey were destroyed after the animals had been trained in 
Pattern and colour discrimination. These operations involved the greater 
Part of what is now known to be the projection field of the macula. There 
Was no loss of the habits. I have destroyed the cortex of the retrocalcarine 
Ssure (the perimacular field) without destroying visual memories. The 
Sect with monkeys thus support the more ample data for the rats a 
the Pe traces survive any cortical lesion, provided some portion o 

> of acute vision remains intact. 
ee lack of definite habit localization might really have been predicted 
i Psychological data alone. Analysis of the effective stimuli in dis- 
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criminative learning reveals that the association is independent of particu- 
lar sensory nerve fibres. It is a response to a pattern of excitation which 
may vary widely in position on the sensory surface and consequently in 
cortical projection. The reactions involved in motor habits show the same 
sort of functional equivalence; a motor habit is not a predetermined set of 
muscular contractions but is a series of movements in relation to bodily 
posture and to the complex pattern of the environment. The writing of 
one’s name, for example, is not a stereotyped series of contractions of 
particular muscles but is a series of movements in relation to the body 
planes which can be performed with any motor organ and with any degree 
of amplitude. 

I have not time here to report in detail the experiments which justify 
the conclusion that neither the afferent path nor the efferent is fixed by 
habit. The mass of evidence accumulated by gestalt psychologists shows 
conclusively that it is the pattern and not the localization of energy on the 
sense organ that determines its functional effect. Similar motor equiva- 
lence is demonstrated by a variety of less systematic evidence. The psy- 
chological studies, like the more limited direct experiments on the brain, 
point to the conclusion that the memory trace is located in all parts of the 


functional area; that various parts are equipotential for its maintenance 
and activation. 


Facilitative Functions in Learning and Retention (Mass Action) 


The experiments thus far reported have been concerned almost entirely 
with discriminative habits requiring only an association between a single 
sensory stimulus and a motor response. A very different picture develops 
in experiments with other types of learning. If rats are trained in the maze 
and then have portions of the cortex removed, they show more or less loss 
of the habit, If a small amount of cortex is destroyed, 5 to 10 per cent, the 
loss may be scarcely detectable. If large amounts, say 50 per cent or more, 
are destroyed, the habit is completely lost, and relearning may require 
many times as much practice as did initial learning. The amount of loss, 
measured in terms of the practice required for relearning, is, on the aver- 
age, closely proportional to the amount of cortex destroyed. Figure 29.7 
shows the relation for one group of rats on a relatively difficult maze with 
eight culs de sac. There is some evidence that the more difficult the task, 
the greater the relative effect of the larger lesions (84, 48). Similar results 
have been obtained with latch-box learning and retention (36). So far 
as it is possible to analyse the data from more than 200 diverse opera- 
tions, the amount of loss from a given extent of cortical destruction is 
about the same, no matter what part of the cerebral hemispheres is de- 


stroyed, provided that the destruction is roughly similar in both hemi- 
spheres. 
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The explanation of this quantitative relationship is difficult. In learning 
the maze the rat certainly employs a variety of sensory cues, visual, tactile, 
kinesthetic, olfactory, possibly auditory. Brain injuries destroy various 
sensory fields and the larger the lesion the greater the reduction in avail- 
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Fig. 29.7. The relation of errors in maze learning to extent 
of cerebral damage in the rat. The extent of brain injury is 
expressed as the percentage of the surface area of the iso- 
cortex destroyed. Data from 60 normal and 127 brain-op- 
crated animals are averaged by class intervals of 5 per cent 
destruction. The curve is the best fitting one of logarithmic 
form. For lesions above 45 per cent the number of cases 
(indicated by numerals on the graph) is too small for relia- 
bility. (After Lashley and Wiley, 48.) 


able sense data. The production of different amounts of sensory deficit 
Pre thus appear to be the most reasonable explanation of the quantita- 
e relation between habit loss and extent of lesion (13, 22). Sensory 
ee Certainly plays a role in it. In the experiment on effects of incisions 
ough the cortex, which was described earlier, the severity of loss of 
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the maze habit correlated highly with the interruption of sensory path- 
ways, as determined from degeneration of the thalamus. € , . 

However, sensory loss will not account for all of the habit deterioration. 
There is evidence which shows that another more mysterious effect is 
involved. In the first place, destruction of a single sensory area of the cor- 
tex produces a far greater deficit in maze or latch-box performance than 
does loss of the corresponding sense modality. A comparison was 
made of the effects on retention of the latch-box habits of combined loss 
of vision, vibrissae touch, and the anesthesia to touch and movement 
produced by sectioning the dorsal half of the spinal cord at the third 
cervical level. This latter operation severs the columns of Gall and Bur- 
dach, which convey tactile and kinesthetic impulses, and also severs the 
pyramidal tracts which have a dorsal position in the rat. The combined 
peripheral sense privation and section of the pyramids produced less 
loss of the latch-box habits than did destruction of a single sensory area 
of the cortex (36). Secondly, when blind animals are trained in the maze, 
the removal of the primary visual cortex produces a severe loss of the habit 
with serious difficulty in relearning, although the animals could have 
used no visual cues during the initial learning (43). 

A possible explanation of this curious effect w: 
cepts of spatial relations in visual terms 
the space concepts are integrated in the visual cortex. The visual cortex 
might then function in the formation of spatial habits, even when the 
animal loses its sight. To test this Tsang (56) reared rats blind from birth, 
trained them as adults in the maze, then destroyed the visual cortex, The 
resultant loss of the maze habit by these animals was as severe as in ani- 
mals which had been reared with vision, The hypothesis concerning the 
formation of visual space concepts was not confirmed. 

Our recent studies of the associative areas of the monkey are giving 
similar results to those gained with rats. Visual and tactile habits are not 
disturbed by the destruction singly, either of the occipital, p 
lateral temporal regions, so long as the primary sensory fiel 
However, combined destruction of these regions, 


does produce a loss of the habits with retarded rı 
functions, such as the conditi 


as that the rat forms con- 
» as man seems to do, and that 


arietal, or 
ds remain. 
as shown in Fig. 29.8, 
elearning, Higher level 
reaction, or solution of 


of the occipital associatiy, 
lesions, embracing no more than a single 
loss of any habit; large lesions produce a d 
variety of habits, irrespective of the sensory. 


e cortex or of the te ji 


i » do not produce 
eterioration which affects a 


-motor elements involved. 
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Results such as these have led me to formulate a theory of mass action 
or mass facilitation. It is, essentially, that performance ‘of any function 
depends upon two v riables in nervous activity. The reaction mechanism, 
whether of instinctive or of learned activity, is a definite pattern of inte- 
grated neurons with a variable threshold of excitability. The availability 
of such patterns, the ease with which they can be activated, is dependent 
upon less specific facilitative effects. This facilitation can come from a 
variety of sources. Some instinctive behaviour seems to require hormonal 
activation, probably a direct chemical effect upon specific nervous ele- 
ments. Emotional facilitation may produce a temporary activation, Con- 
tinued activity of related mechanisms may facilitate the whole group of 
associated reactions; a sort of warming-up effect. 


Fig. 29.8. Minimal lesion which produces disturbances in tactile or visual mem- 
ory in the monkey. 


There are indications (28), although little systematic evidence, that the 
Severity of postoperative amnesia varies with the intensity of motivation. 
Rats trained in a discrimination without punishment with electric shock 
for errors may show loss of the habit after lesions which do not produce 
loss in animals which were trained with punishment. The greater effects 
of cortical lesions in monkeys than in rats may be in part a result of the 
greater difficulty in getting consistent motivation in the higher animals. 
In man an amnesia often seems to be a difficulty rather than impossibility 
of recall; recall may be possible but only with extreme effort and fatigue. 
I believe that the evidence strongly favours the view that amnesia from 

rain injury rarely, if ever, is due ‘to the destruction of specific memory 
traces, Rather, the amnesias represent a lowered level of vigilance, a 
greater difficulty in activating the organized patterns of traces, or a dis- 
turbance of some broader system of organized functions. 

In interpreting apparent loss of memory after cerebral damage, extreme 
caution is necessary. The poor performance in tasks may be due to the 
destruction of specific associative connexions, but is instead generally, I 
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believe always, the result rather of interference with a higher level func- 
tional patterning. Some experiments of Dr. Klüver’s (personal communi- 
cation) illustrate this point. Monkeys were trained in a variety of dis- 
criminative reactions calling for use of different sense modalities by a 
method that required them to pull in the stimulus objects by attached 
strings. Extensive lesions in different cortical areas all caused loss of 
these habits. The monkeys simply pulled the strings at random. They 
were retrained in the discrimination of weights. When this was learned, 
the habits based on other sense modalities (reactions to intensities of light, 
for example) returned spontaneously. What had been disturbed by all the 
operations was the set or attitude to compare stimuli, not the specific 
memory of which one was correct, 
This example perhaps illustrates at a primitive level the characteristic 
of amnesias as seen clinically. Apparent loss of memory is secondary to a 
disorder in the structuring of concepts. Some physiological mode of or- 
ganizing or integrating activity is affected rather than specific associative 
bonds. 


The Complexity of the Memory Trace 


The experiments that I have reviewed deal with only a small part of 
the whole problem of the memory trace; with those aspects which can 
most readily be studied in experiments with animals. Immediate memory 
presents a different type of problem. It is highly probable that immediate 
memory is maintained by some sort of after-discharge of the originally 
excited neurons. Such persistent activity can scarcely be the basis of more 
permanent memory, although Ebbecke (10) and Edgell (11) have 
formulated theories of memory in terms of persistent states of excitation. 
It is by no means certain that all memory is mediated by a single type of 
mechanism; that motor skills and eidetic images, for example, have any 
physiological properties in common. The attempt to account for all mem- 
ory by any single theory involves assumptions which are not supported by 
any evidence now available. 

Much of learning theory has been based upon supposedly isolated and 
simple instances of association, on the assumption that these represent a 
primitive prototype of all memory. However, an analysis of even the con- 
ditioned reflex indicates that it is not the simple, direct association of 
stimulus and response that it has been thought to be. I served as experi- 
menter and subject for several years in experiments employing both the 
salivary method of Pavlov and the motor reactions of Bechterew. The 
experience convinced me that, far from being a simple sensory-motor 
reaction, the conditioned reflex is very complicated (29). The S-R dia- 
gram is misleadingly schematic. The effective stimulus is not only the 


object which the experimenter designates as S, but a whole background 
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of other objects constituting the situation in which the experiment is con- 
ducted. Every stimulus has a space setting. When, for example, the rat is 
trained to react to a triangle, he fails to respond if the figure is rotated 
through more than 10 to 15 degrees (12). This means that the memory 
trace of the figure is tied in with the space coordinates of the animal's 
postural system. This system of space coordinates is a part of the postural 
reflex system which pervades every aspect of behaviour. There is scarcely 
a memory which does not have spatial orientation, either with reference 
to the planes of the body or to external space in addition. 

Most skilled acts, from running a maze to playing a musical phrase or 
Speaking a sentence, involve a timed series of actions which cannot be 
accounted for as a simple chain of conditioned reflexes (46). The serial 
timing of actions is among the most important and least studied of be- 
havioural problems, Almost all memories except those of automatized 
motor habits are dated, as Bergson (3) has emphasized; that is, they have 
a temporal position in the series of memories which constitutes the indi- 
vidual's past. The memory trace is associated with this series as well as 
with the particular objects which make up its central core. 

The conditioned reflex also includes an element of affective reinforce- 
ment, Corresponding to the nature of the conditioning stimulus, there is 
fear of electric shock. objectively demonstrable by cardiac and respiratory 
changes, anticipation of acid in the mouth with slight nausea, or expecta- 
tion of food (29). Unless this affective element is aroused, the conditioned 
reflex does not occur. So-called extinction of the conditioned reflex is not 
* weakening of the specific association, but a waning of this affective re- 
inforcement, Other types of association also have dynamic aspects. The 
amnesie aphasias seem to be due less to a weakening of specific associa- 
tions than to a reduction in some general form of facilitation, Henry Head 
Was expressed this as a reduction of “vigilance.” without attempting to 
define further the nature of the function which is disturbed. 

variety of evidence (50) shows that, in a memorized series of non- 
Sense syllables, associations are formed, not only between adjacent words 
ut also between words remote from each other in the series, This, I 
believe, is an illustration at a primitive level of the fact that every mem- 
ah om part of a more or less on orgatization, When I read a 
of Roxi PARE Mè new facts presented = associated with the field 
of the esi ge of which it is a part. Later avai a bility of the specific items 
ciation, a depends upon a partial un nik the whole body of asso- 
recall deme has not thought of a rage s UE it is difficult to 
dätes ben s. With review or discussion be he su bject, however, names, 
to memor rences which seemed to be forgotten rapidly become available 
Y. Head (20) has given instances of such recall by multiple re- 


infor er Š 2 P i 
cement in his studies of aphasia. Although there are no systematic 
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experiments upon this “warming-up” effect, it is a matter of common ex- 
perience and is evidence, I believe, that recall involves the subthreshold 
activation of a whole system of associations which exert some sort of 
mutual facilitation. 

All this is by way of indicating the probable complexity of the memory 
trace of even the simplest associations. The engram of a new association, 
far from consisting of a single bond or neuron connexion, is probably a 
reorganization of a vast system of associations involving the interrelations 
of hundreds of thousands or millions of neurons. 


Some Quantitative Considerations 


It has been customary to assume that, since the nervous system contains 
so many millions of neurons, there must be a large reservoir of cells or of 
synaptic connexions which can be modified and reserved for specific 
memory functions. Dunlap (9) has expressed the view that every indi- 
vidual has far more brain cells than he is ever called upon to use, and has 
urged this as an argument against any congenital restriction of ability. 
A similar view has been implied in the identification of intelligence as the 
individual’s number of unpreempted and available memory bonds. How- 
ever, only the vaguest sort of anatomic data have been available to sup- 
port such theories, Analysis of actual cell numbers involved in a reaction 
system gives little indication of a reserve of unused connexions and 
raises a very difficult question as to the way in which the same system can 
mediate different functions. 

I have counted or estimated the number of cells at different levels in the 
visual system of the rat. The numbers, which I believe are correct within 
approximately 10 per cent, are given in Table 29.1. You will note that 
there is a marked concentration of paths from the retinal myoids to the 
lateral geniculate nucleus, such that an average of nearly 300 myoids feed 
into each thalamo-cortical path, At the cortical level there is some dis- 
persion, but it is not great. In the receptive layer (lamina iv) there are 
fewer than four neurons for each afferent fibre, and in the whole visual 
cortex there are only nineteen neurons for each afferent fibre. 

The rat’s maximal visual acuity is about 30 min. of arc, as determined 
by behavioural tests and from the resolving power of the lens system. 
Because of the extreme curvature of the cornea and lens the visual field 
of one eye subtends about 210 degrees. If acuity were uniform throughout 
the retina, it would require more than 80,000 fibres to represent each 
acuity unit of the retina by one central fibre. The concentration of ganglion 
cells falls off from 130 per hundredth square millimetre at the fixation 
point to 65 at the ora serrata (35). Assuming that acuity decreases pro- 
portionately, some 40,000 separate paths are required to represent each 
acuity unit at the cortex by a single afferent fibre. This corresponds fairly 
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Table 29.1. The Number of Neurons at Each Level in the Visual System 
of the Rat (Unilateral) 


Ratio to 
Total no. of fibres in 
Level neurons radiation 
Retinal cells: 
Rods 9,180,000 
s 180, ons 
Cones 120,000 2:0 
Bipolar 3,530,000 104-0 
Ganglion 260,000 13-1 
Lateral geniculate 34,000 1-0 
Cortical cells: 
Lamina vii 68,800 2-0 
Lamina vi 135,400 4-0 
Lamina v 147,700 4-3 
Lamina iv (granular) 127,000 3-7 
Laminae ii-iii 176,000 5-2 
Total cortical 654,900 19-2 


well to the 34,000 geniculo-striate paths actually counted. Since acute 
Vision is continuous under light stimulation, it follows that all of the 
Seniculo-striate cells must be firing constantly when the eye is stimulated 
by the usual lighted environment. Further, since there are not more than 
nineteen neurons in the visual area for each afferent fibre, it is almost cer- 
tain that every cell in the striate cortex is firing during light stimulation. 
Certainly there is no large reserve of cells which can be set aside for 
excitation only in specific habits. 

Corresponding counts of cells in the visual system of the monkey have 
recently been made by Chow and Blum (personal communication). The 
er of neurons in the lateral geniculate nucleus and visual cortex is 
ee and greater than in the rat, about 1 and 140 millions respectively, 
En ” ratio of cortical cells to central pathways is only 140 to 1, so again 

The = great reserve of cells for mnemonic purposes. i 

abi “ik a pin of retaining scores, probably hundreds, of visual 
may E mi discrimination of complex figures (38), and retention 
earlier, th imes be demonstrated a year after training. As I reported 
striate corts is good evidence that visual habits are dependent upon the 
path from = and upon no other part of the cerebral cortex. The efferent 
en e striate cortex is not known. It is not via cortico-tectile fibres. 

Y Cortico-thalamic fibres, there are far fewer neurons within the thalamic 
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nuclei than in corresponding cortical areas, and there is certainly no 
reserve of cells there for the storing of memories. There seems to be no 
justification for assuming that the specific shunting of nervous impulses 
constituting various memories occurs at some level beyond the visual cor- 
tex or that memory traces are stored elsewhere than in the cortex. 

If the data on the restriction of visual memory to the striate cortex are 
correct, and they are supported by a variety of experiments, the conclusion 
seems inevitable that the same cells which bear the memory traces are 
also excited and play a part in every other visual reaction of the animal. In 
all probability, the same sort of quantitative relations holds for the other 
sense modalities. 

Even if the associative areas are functional in memory, they do not 
provide the supposed excess of cells. The visual cortex is directly con- 
nected only to a band of cortex directly adjacent, the visuopsychic area 
of Campbell. The boundaries of this are indeterminate, but it certainly 
contains no more cells than does the striate area, probably fewer. There is 
no geometrical multiplication of cells and pathways. Many millions of 
cells of the striate cortex must be firing constantly into the adjacent area, 
so that its cells also must be constantly bombarded with nervous impulses 
and constantly firing. The conclusion is justified, I believe, by such con- 
siderations and is supported by electrical studies, that all of the cells of 
the brain are constantly active and are participating, by a sort of alge- 
braic summation, in every activity. There are no special cells reserved for 
special memories. 

Lorente (49) has shown that each neuron may bear a hundred or more 
end-feet or separate synapses. However, considering the enormous com- 
plexity of the nervous activity involved in performance of even the 
simplest habit, it is doubtful that even the multiplication of cell number 
by a hundredfold will provide separate connexions that function only for 
single specific memories. 

The alternative to the theory of preservation of memories by some local 
synaptic change is the postulate that the neurons are somehow sensitized 
to react to patterns or combinations of excitation. It is only by such 
permutations that the limited number of neurons can produce the variety 
of functions that they carry out. Local changes in the cell membrane, such 
that combined excitation by several synapses excite the cell, would provide 
a possible mechanism for such response to patterns, but speculation about 
this mechanism without direct evidence is likely to be as futile as specula- 
tion concerning changes in resistance in the synapse has been. 


Summary 


This series of experiments has yielded a good bit of information about 
what and where the memory trace is not. It has discovered nothing di- 
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rectly of the real nature of the engram. I sometimes feel, in reviewing the 
evidence on the localization of the memory trace, that the necessary con- 
clusion is that learning just is not possible. It is difficult to conceive of a 
mechanism which can satisfy the conditions set for it. Nevertheless, in 
spite of such evidence against it, learning does sometimes occur. Although 
the negative data do not provide a clear pieture of the nature of the en- 
gram, they do establish limits within which concepts of its nature must be 
confined, and thus indirectly define somewhat more clearly the nature of 
the nervous mechanisms which must be responsible for learning and 
retention. Some general conclusions are, I believe, justified by the 
evidence. 

l. It seems certain that the theory of well-defined conditioned reflex 
paths from sense organ via association areas to the motor cortex is false. 
The motor areas are not necessary for the retention of sensory-motor habits 
or even of skilled manipulative patterns. 

2. It is not possible to demonstrate the isolated localization of a mem- 
ory trace anywhere within the nervous system. Limited regions may be 
essential for learning or retention of a particular activity, but within such 
regions the parts are functionally equivalent. The engram is represented 
throughout the region. 

3. The so-called associative areas are not storehouses for specifie mem- 
ories, They seem to be concerned with modes of organization and with 
general facilitation or maintenance of the level of vigilance. The defects 
which occur after their destruction are not amnesias but difficulties in the 
Performance of tasks which involve abstraction and generalization, or 
conflict of purposes. It is not possible as yet to describe these defects in 
the present psychological terminology. Goldstein (19) has expressed 
them in part as a shift from the abstract to the concrete attitude, but this 
characterization is too vague and general to give a picture of the func- 
tional disturbance. For our present purpose the important point is that the 
defects are not fundamentally those of memory. 

4. The trace of any activity is not an isolated connexion between 
Sensory and motor elements. It is tied in with the whole complex of spatial 
and temporal axes of nervous activity which forms a constant substratum 
Ody ee Each association is oriented with respect to space and time. 
ne Ren ang practice under varying conditions does it become generalized 
Sinan eo from these specific coordinates. The space and time co- 

f a 3 in orientation can, I believe, only be maintained by some sort 
9 polarization of activity and by rhythmic discharges which pervade the 
er ng the organization of activity everywhere. The 
tently, = cog nti motion in the visual field, for example, con- 
iin te odify = spinal postural adjustments, but, a fact which is 

juently overlooked, the postural adjustments also determine the 
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orientation of the visual field, so that upright objects continue to appear 
upright, in spite of changes in the inclination of the head. This substratum 
of postural and tonic activity is constantly present and is integrated with 
the memory trace (46). 

I have mentioned briefly evidence that new associations are tied in 
spontaneously with a great mass of related associations. This conception is 
fundamental to the problems of attention and interest. There are no 
neurological data bearing directly upon these problems, but a good guess 
is that the phenomena which we designate as attention and interest are the 
result of partial, subthreshold activation of systems of related associations 
which have a mutual facilitative action. It seems impossible to account for 
many of the characters of organic amnesias except in such general terms as 
reduced vigilance or reduced facilitation. 

5. The equivalence of different regions of the cortex for retention of 
memories points to multiple representation. Somehow, equivalent traces 
are established throughout the functional area. Analysis of the sensory and 
motor aspects of habits shows that they are reducible only to relations 
among components which have no constant position with respect to struc- 
tural elements. This means, I believe, that within a functional area the 
cells throughout the area acquire the capacity to react in certain definite 
patterns, which may have any distribution within the area. I have else- 
where proposed a possible mechanism to account for this multiple repre- 
sentation, Briefly, the characteristics of the nervous network are such that, 
when it is subject to any pattern of excitation, it may develop a pattern of 
activity, reduplicated throughout an entire functional area by spread of 
excitations, much as the surface of a liquid develops an interference pat- 
tern of spreading waves when it is disturbed at several points (41). 
This means that, within a functional area, the neurons must be sensitized 
to react in certain combinations, perhaps in complex patterns of rever- 
beratory circuits, reduplicated throughout the area. 

8. Consideration of the numerical relations of sensory and other cells in 
the brain makes it certain, I believe, that all of the cells of the brain must 
be in almost constant activity, either firing or actively inhibited. There is 
no great excess of cells which can be reserved as the seat of special mem- 
ories. The complexity of the functions involved in reproductive memory 
implies that every instance of recall requires the activity of literally mil- 
lions of neurons. The same neurons which ret 
one experience must also participate in countl 

Recall involves the 


ain the memory traces of 
ess other activities. 
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about remains unknown. From the numerical relations involved, I believe 
that even the reservation of individual synapses for special associative 
reactions is impossible. The alternative is, perhaps, that the dendrites and 
cell body may be locally modified in such a manner that the cell responds 
differentially, at least in the timing of its firing, according to the pattern 
of combination of axon fect through which excitation is received, 
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30. THE PROBLEM OF SERIAL ORDER 
IN BEHAVIOR' 


The previous speakers have approached our common problem by con- 
sidering the properties of the elementary units of which we believe the 
cerebral structure to be built up. They have considered the kinds of neural 
integration of behavior which can be anticipated from those properties. 
The remaining members of the symposium have in their research been 
concerned chiefly with the analysis of complex behavior, seeking to derive 
general principles of neural integration from the infinitely complex 
products of that integration. Our common meeting ground is the faith to 
which we all subscribe, I believe, that the phenomena of behavior and 
of mind are ultimately describable in the concepts of the mathematical 
and physical sciences. In my discussion here, I have deliberately turned 
to the opposite extreme from the neuron and have chosen as a topic one 
aspect of the most complex type of behavior that I know: the logical and 
orderly arrangement of thought and action. Our discussion so far has 
dealt chiefly with the conditions of input and of immediate switching in 
the nervous mechanism, without explicit consideration of what is already 
going on within the system. 

My principal thesis today will be that the input is never into a quiescent 
or static system, but always into a system which is already actively excited 
and organized. In the intact organism, behavior is the result of interaction 
of this background of excitation with input from any designated stimulus. 
Only when we can state the general characteristics of this background of 
excitation, can we understand the effects of a given input. 

The unpronounceable Cree Indian word “kekawewechetushekamik- 
owanowow” is analyzed by Chamberlain (7) into the verbal root, tusheka, 
“to remain,” and the various particles which modify it as follows: ke (Ia) 
wow, the first and last syllables, indicating second person plural; ka, a 
prefix of the future tense; we, a sort of imperative mode expressing a 
wish; weche, indicating conjunction of subject and object; mik, a suffix 

1 EDITORS’ NOTE: Reprinted with permission from Jeffress, L. A. (Ed.) Cerebral mech- 


anisms in behavior. New York: John Wiley & Sons, Inc., 1951. Pp. 112-136. From Harvard 
University and the Yerkes Laboratories of Primate Biology. 


506 


THE PROBLEM OF SERIAL ORDER 307 


bringing the verb into agreement with a third person subject and second 
person object; and owan, a suffix indicating that the subject is inanimate 
and the object animate. A literal translation: “You will I wish together 
remain he-you it-man you” or, freely, “may it remain with you.” This 
difference in structure between Cree and English illustrates an outstand- 
ing characteristic of verbal behavior: the occurrence of predetermined, 
orderly sequences of action which are unique for each language. In 
English the adjective precedes, in French it follows, the noun which it 
modifies. In English the movement or action of the subject is expressed as 
early as possible after the subject; in German the expression of action may 
be postponed until all qualifying thoughts have been expressed. In a sen- 
tence discussing this subject, Pick (20) introduces fifty-five words between 
the subject and the principal verb. Each Chinese word, and to a lesser 
extent, each English word, stands as an unchanging unit. In the highly 
inflective languages, such as Sioux, the form of almost every word in the 
sentence may be altered, according to some attribute of the subject, as 
when two objects rather than one or several are discussed. 

The study of comparative grammar is not the most direct approach to 
the physiology of the cerebral cortex, yet Fournié (10) has written, 
“Speech is the only window through which the physiologist can view the 
cerebral life.” Certainly language presents in a most striking form the 
integrative functions that are characteristic of the cerebral cortex and that 
reach their highest development in human thought processes. Temporal 
integration is not found exclusively in language; the coordination of leg 
movements in insects, the song of birds, the control of trotting and pacing 
ina gaited horse, the rat running the maze, the architect designing a 
house, and the carpenter sawing a board present a problem of sequences 
of action which cannot be explained in terms of successions of external 
stimuli. 


Associative Chain Theories 


In spite of the ubiquity of the problem, there have been almost no 
attempts to develop physiological theories to meet it. In fact, except 
among a relatively small group of students of aphasia, who have had to 
face questions of agrammatism, the problem has been largely ignored. 
Tt is not even mentioned in recent textbooks on neurophysiology or 
Physiological psychology, nor is there any significant body of experimental 
studies bearing upon the problem. The spinal animal scarcely exhibits serial 
activity, so the physiologist may be excused for overlooking the phe- 
nomenon. On the other hand, psychologists have been concerned chiefly 
with the question of whether or not the organizing processes displayed in 
Serial action are conscious, and very little with the organization itself. I 
have chosen to discuss the problem of temporal integration here, not with 
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the expectation of offering a satisfactory physiological theory to account 
for it, but because it seems to me to be both the most important and also 
the most neglected problem of cerebral physiology. Temporally integrated 
actions do occur even among insects, but they do not reach any degree of 
complexity until the appearance of cerebral cortex. They are especially 
characteristic of human behavior and contribute as much as does any 
single factor to the superiority of man’s intelligence. A clearer formulation 
of the physiological problems which they raise should be of value, even 
though a solution of the problems is not yet in sight. 

I shall consider first some of the questions raised by the structure of 
language, then turn to other forms of serial action for indications of the 
nature of the nervous mechanisms involved. 

To the best of my knowledge, the only strictly physiological theory that 
has been explicitly formulated to account for temporal integration is that 
which postulates chains of reflexes, in which the performance of each 
element of the series provides excitation of the next. This conception 
underlay the “motor theories” of thinking which were advocated by sev- 
eral psychologists early in this century. Watson (26) sought to identify 
thought with inaudible movements of the vocal organs, linked together in 
associative chains. The peripheral chain theory of language was developed 
in greatest detail by Washburn (25). She distinguished what she called 
“successive movement systems” and, although she drew her examples 
from memorized series of nonsense syllables, her implication was that such 
series are typical of all language behavior. She defined a movement 
system as “a combination of movements so linked together that the stim- 
ulus furnished by the actual performance of certain movements is required 
to bring about other movements.” She described speech as a succession of 
vocal acts in which the kinesthetic impulses from each movement serve 
as a unique stimulus for the next in the series (25, pp. 11 Æ}: Attempts 
to confirm these peripheral theories by mechanical (23) or electrical 
(19) recording of muscular tensions have given no valid evidence in sup- 
port of them. It should be noted that, at the time when the theories were 
proposed, it was generally believed that conduction in the nervous system 
is always downstream from sense organ to muscle, and that muscular 
contraction must always follow promptly on stimulation. The existence of 
reverberatory circuits which could maintain central activity was scarcely 
suspected. 

The introspective psychology which objected to such peripheral theories 
did not explicitly formulate an alternative neurological theory, but there 
is implicit in it a view that verbal thought is a simple chain of central 

processes in which each element serves to arouse the next by direct asso- 
ciation. Titchener, for example, maintained that the meaning of a word 
(or of an auditory image in his system) consists of the chain of associa- 
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tions which it arouses; that it has no meaning until such a sequence has 
occurred. From this it must be inferred that he was thinking in terms of 
a simple associative chain, since no other relating process is suggested. 


Objections to the Associative Chain Theory 


A consideration of the structure of the sentence and of other motor 
sequences will show, I believe, that such interpretations of temporal 
organization are untenable and that there are, behind the overtly expressed 
sequences, a multiplicity of integrative processes which can only be 
inferred from the final results of their activity. There is an extensive 
controversial literature dealing with this inferred integrative activity. Pick 
(20) devotes almost his entire book, Die agrammatischen Sprachstö- 
rungen, to reviewing discussions of the subject. Most of this literature 
deals with the question of whether or not the integrative processes are 
conscious, Much of this is irrelevant to the present topic, but the advocates 
of so-called imageless thought did present a great deal of material indic- 
ative of the complexitv of the problem of thought structure. From this, 
and other evidence which I shall present, I believe that the production 
of speech involves the interaction of at least three, possibly four, major 
neurological systems which are interrelated but somewhat independently 
variable. 

Let us start the analysis of the process with the enunciation of the 
Word. Pronunciation of the word “right” consists first of retraction and 
elevation of the tongue, expiration of air and activation of the vocal cords; 
Second, depression of the tongue and jaw; third, elevation of the tongue 
to touch the dental ridge, stopping of vocalization, and forceful expira- 
tion of air with depression of the tongue and jaw. These movements have 
no intrinsic order of association. Pronunciation of the word “tire” involves 
the same motor elements in reverse order. Such movements occur in all 
permutations, The order must therefore be imposed upon the motor 
elements by some organization other than direct associative connections 
between them. So, for the individual movements in writing or typing the 
word, finger strokes occur in all sorts of combinations. No single letter 
Mvariably follows g, and whether gh, ga, or gu is written depends upon 
a set fora larger unit of action, the word. 

Words stand in relation to the sentence as letters do to the word; the 
Words themselves have no intrinsic temporal “valence.” The word “right,” 
for example, is noun, adjective, adverb, and verb, and has four spellings 
and at least ten meanings. In such a sentence as “The millwright on my 
right thinks it right that some conventional rite should symbolize the 
et man to write as he pleases,” word arrangement is obviously 
une ne ay direct associations of the word “right” itself with other 

5 © meanings which are determined by some broader relations. 


510 THE NEUROPSYCHOLOGY OF LASHLEY 


It has been found in studies of memorization of nonsense syllables that 
each syllable in the series has associations, not only with adjacent words 
in the series, but also with more remote words. The words in the sentence 
have, of course, associations with more remote words as well as with 
adjacent ones. However, the combination of such direct associations will 
not account for grammatical structure. The different positions of the word 
“right” in the illustrative sentence are determined by the meanings which 
the positions in relation to other words denote, but those meanings are 
given by other associations than those with the words in the spoken sen- 
tence. The word can take its position only when the particular one of its 
ten meanings becomes dominant. This dominance is not inherent in the 
words themselves. 

From such consideration, it is certain that any theory of grammatical 
form which ascribes it to direct associative linkage of the words of the 
sentence overlooks the essential structure of speech. The individual items 
of the temporal series do not in themselves have a temporal “valence” in 
their associative connections with other elements. The order is imposed by 
some other agent. 

This is true not only of language, but of all skilled movements or suc- 
cessions of movement. In the gaits of a horse, trotting, pacing, and single 
footing involve essentially the same pattern of muscular contraction in the 
individual legs. The gait is imposed by some mechanism in addition to 
the direct relations of reciprocal innervation among the sensory-motor 
centers of the legs. The order in which the fingers of the musician fall on 
the keys or fingerboard is determined by the signature of the composition; 
this gives a set which is not inherent in the association of the individual 
movements, 


The Determining Tendency 


What then determines the order? The answer which seems most in 
accord with common sense is that the intention to act or the idea to be 
expressed determines the sequence. There are, however, serious difficulties 
for this solution. There is not much agreement among psychologists con- 
cerning the nature of the idea. The structuralist school, under the leader- 
ship of Titchener, held that the idea consists of mental images, often the 
auditory images of words, and the meanings are nothing but sequences of 
such images. Describing the role of images in his lecturing, Titchener 
wrote (24), “When there is any difficulty in exposition, a point to be 
argued pro and con or a conclusion to be brought out from the con- 
vergence of several lines of proof, I hear my own voice speaking just 
ahead of me.” What solution of the lecture problem for the lazy man! He 
need not think but only listen to his own inner voice, to the chain of asso- 
ciated auditory images. A behaviorist colleague once remarked to me that 
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he had reached a stage where he could arise before an audience, turn his 
mouth loose, and go to sleep. He believed in the peripheral chain theory 
of language. (This clearly demonstrates the superiority of behavioristic 
over introspective psychology. The behaviorist does not even have to 
listen to his own inner voice.) 

Seriously, such positions offer no solution for the problem of temporal 
integration. Titchener finds his grammar ready made and does not even 
raise the question of the origin of the succession of images. The chain- 
reflex theory, while definite, is untenable. 

The third view of the nature of the idea was developed by a group 
known as the Wiirzburg School (4); exponents of imageless thought. It 
held that some organization precedes any expression that can be discov- 
ered by introspective or objective means. Thought is neither muscular 
contraction nor image, but can only be inferred as a “determining 
tendency.” At most, it is discovered as a vague feeling of pregnancy, of 
being about to have an idea, a Bewusstseinslage. It is not identical with 
the words which are spoken, for quite frequently no word can be recalled 
which satisfactorily expresses the thought, and we search a dictionary of 
Synonyms until a word or phrase is found which does seem appropriate. 

In his discussion of the relation of thought to speech, Pick (20) accepts 
this point of view, but he asserts further that the set or the idea does not 
have a temporal order; that all of its elements are cotemporal. Evidence 
in support of this conclusion comes, for example, from translation of one 
language into another which has a different sentence structure. I read a 
German sentence, pronouncing the German words with no thought of 
their English equivalents. I then give a free translation in English, with- 
out remembering a single word of the German text. Somewhere between 
the reading and free translation, the German sentence is condensed, the 
word order reversed, and expanded again into the different temporal 
order of English. According to Epstein (9), the polyglot shifts readily 
from one language to another, expressing the same thought in either, 
Without literal translation. The readiness with which the form of expres- 
Sion of an idea can be changed, the facility with which different word 
orders may be utilized to express the same thought, thus is further evi- 
dence that the temporal integration is not inherent in the preliminary 
Organization of the idea. 


The Schema of Order 


The remaining alternative is that the mechanism which determines the 
Serial activation of the motor units is relatively independent, both of the 
motor units and of the thought structure. Supporting evidence for this 
arb found in the mistakes of order, the slips and interferences which 

1n writing and speaking. For some time I have kept records of errors 
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in typing. A frequent error is the misplacing or the doubling of a letter. 
These is typed t-h-s-e-s, look as l-o-k-k, ill as i-i-l. Sometimes the set to 
repeat may be displaced by several words. The order is dissociated from 
the idea. Earlier, in preparing this paper, I wrote the phrase, “maintain 
central activities.” I typed min, omitting the a, canceled this out and 
started again; ama. The impulse to insert the a now dominated the order. 
I struck out the a and completed the phrase, only to find that I had now 
also dropped the a from activities. This example suggests something of 
the complexity of the forces which are at play in the determination of 
serial order and the way in which conflicting impulses may distort the 
order, although the primary determining tendency, the idea, remains 
the same. 

The polyglot, who has become proficient in a secondary language, who 
thinks in it and even dreams in it, may still tend to use the grammatical 
structure of his native tongue. If, as in French, that tongue applies gender 
to inanimate things, the English pronouns referring to them may take the 
gender of the French equivalents, though the French nouns are not 
thought. The German postponement of the verb or the Magyar use of the 
past infinitive may be incorporated in the new language. In such cases, 
the structuring seems to be dissociated both from the content and from 
the simple associative connections of the words themselves. 

The ease with which a new structure may be imposed on words is illus- 
trated by the quickness with which children learn hog Latin. The form 
which I learned involved transposing the initial sound of each word to the 
end of the word and adding a long a. Thus—at-thay an-may oes-gay 
own-day e-thay eet-stray. Some children become very facile at such inver- 
sions of words, and restructure new words without hesitation, From such 
considerations it seems to follow that syntax is not inherent in the words 
employed or in the idea to be expressed. It is a generalized pattern 
imposed upon the specific acts as they occur. 


“Priming” of Expressive Units 


There are indications that, prior to the internal or overt enunciation of 
the sentence, an aggregate of word units is pi tially activated or readied. 
Evidence for this comes also from “contaminations” of speech and writ- 
ing. The most frequent typing errors are those of anticipation; the inclu- 
sion in the word being typed of some part of a word or word structure 
which should properly occur later in the sentence, It may be only a letter. 
Thus I wrote, wrapid writing, carrying the w from the second word to 
the first. Not infrequently words are introduced which should occur much 
later in the sentence, often five or six words in advance. 

In oral speech, Spoonerisms illustrate the same kind of contamination. 
The Spoonerism is most frequently an inversion of subject and object; 
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“Let us always remember that waste makes haste.” But it may be onlv a 
transposition of parts of the words: “Our queer old dean” for “our dear 
old queen.” The frequeney with which such contaminations occur is in- 
creased by haste, by distraction, by emotional tension, or by uncertainty 
and conflict as to the best form of expression. In some types of aphasia 
the tendency to disordered arrangement of words is greatly increased, and, 
in extreme cases, the attempt to speak results in a word hash with com- 
plete loss of grammatical organization. Professor Spooner, after whom 
such slips are named, v probably suffering from a mild form of aphasia. 
In these contaminations, it is as if the aggregate of words were in a 
state of partial excitation, held in check by the requirements of gram- 
matical structure, but ready to activate the final common path, if the 
effectiveness of this check is in any way interfered with. 

In his Psychopathology of Everyday Life, Freud has given numerous 
examples of similar contaminations of action outside the sphere of lan- 
guage. We do not need to accept his theories of censorship and suppres- 
sion to account for such slips. They are of the same order as misplacements 
in typing and represent contaminations of coexisting, determining tend- 
encies to action. 

Such contaminations might be ascribed to differences in the relative 
Strength of associative bonds between the elements of the act, and thus 
not evidence for preexcitation of the elements or for simultaneous pre- 
excitation, However, the understanding of speech involves essentially the 
same problems as the production of speech and definitely demands the 
Postulation of an aftereffect or after-discharge of the sensory components 
for a significant time following stimulation. Thus, in the spoken sentence, 
“Rapid righting with his uninjured hand saved from loss the contents of 
the capsized canoe,” the associations which give meaning to righting are 
not activated for at least 3 to 5 seconds after hearing the word.? I shall 
refer later to other evidence for such long after-discharge of sensory 
excitations. The fact of continued activation or after-discharge of receptive 
elements and their integration during this activation justifies the assump- 
tion of a similar process during motor organization. The processes of 
Comprehension and production of speech have too much in common to 
depend on wholly different mechanisms. 


Internal and Overt Speech 


i One other point with respect to the organization of speech: The earlier 
iterature on aphasia emphasized the distinction of internal and overt 
s 7 E a 

Peech. The aphemia of Broca and the pure motor aphasia of Wernicke 
monty, Lashley ingeniously laid the groundwork for this three paragraphs earlier, when he 
handa o wra pid writing.” The audience all heard, “Rapid writing with his uninjured 
alten) Capsized canoe” required a complete and amusing about-face. (Symposium 
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and later writers were held to be a loss of the ability to enunciate without 
loss of ability to think in words and without paralysis of the organs of 
speech. The brain insult was assumed to affect only the transition from the 
thought to the enunciation of the word. We may doubt the existence of 
instances of such “pure” defects and question the reliability of the early 
clinical examinations in view of the more careful analyses that have been 
made since 1917, but the distinction of internal and overt speech is still 
valid and the transition stil] unexplained. Watson interpreted internal 
speech as inaudible movements of the vocal organs, and Jacobsen (15) 
and Max (19) have given evidence of changes in muscular tonus during 
verbal thinking or thought of movement. This is far from proving that the 
motor discharge is essential for the internal formation of words, however. 
I once devised an instrument to record small movements of the tongue. 
Within the limits of its Sensitivity, it showed that in silent thinking the 
tongue usually drops to the back of the mouth and shows no detectable 
movement. Verbal problems, such as the correct squaring of three-place 
numbers, could be carried out with no trace of overt movement. If, how- 
ever, I urged the subject to hurry or if I slapped his face, his tongue came 
forward and showed movements corresponding to the syllabification of 
internal speech or of the computation he was performing. This I interpret 
as indicating that internal speech may be carried out wholly by processes 
within the nervous system, with some unessential discharge upon the 
final common path for vocal movements, Facilitation of the motor path, 
either by increased emotional tension or by “voluntary” reinforcement, 
increases its excitability until the same central circuits whose activity con- 
stitutes internal speech are able to excite the overt movements, This aspect 
of the language function is irrelevant to the problem of syntax or serial 
order, but is important as illustrating a further point in the dynamics of 
the cerebrum. Many activities seem to require for their performance both 
a specific patterning and also a general facilitation, a rise in dynamic level. 
There are, I think, indications that hemiplegia and motor aphasia are 
primarily expressions of a low level of facilitation rather than a loss of 
specific integrative connections which are involved in the use of language 
or in the patterning of our movements, A monkey, for example, after 
ablation of the precentral gyrus may seem unable to use the arm at all, 
but if emotional excitement is raised above a certain level, the arm is 
freely used. As soon as the excitement dies down, the arm Er ain 
hemiplegic. I have seen something of the same sort ina huma 5 _ 
; HTa n hemi 
plegic. The problem of the availability of memories, which was raised 
earlier in the discussion here, may find a partial solution in su i a a- 
tions in dynamic level. In many of the organic amnesias the : ien al 
integration seems to be retained but can be reactivated m Ta an 
abnormally intense sensory or central reinforcement, S S 
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Generality of the Problem of Syntax 


I have devoted so much time to discussion of the problem of syntax, 
not only because language is one of the most important products of human 
cerebral action, but also because the problems raised by the organization 
of language seem to me to be characteristic of almost all other cerebral 
activity, There is a series of hierarchies of organization; the order of vocal 
movements in pronouncing the word, the order of words in the sentence, 
the order of sentences in the paragraph, the rational order of paragraphs 
in a discourse. Not only speech, but all skilled acts seem to involve the 
same problems of serial ordering, even down to the temporal coordina- 
tion of muscular contractions in such a movement as reaching and 
grasping. Analysis of the nervous mechanisms underlying order in the 
more primitive acts may contribute ultimately to the solution even of the 
physiology of logic. 

It is possible to designate, that is, to point to specific examples of, the 
phenomena of the syntax of movement that require explanation, although 
those phenomena cannot be clearly defined. A real definition would be a 
long step toward solution of the problem. There are at least three sets of 
events to be accounted for. First, the activation of the expressive ele- 
ments (the individual words or adaptive acts) which do not contain the 
temporal relations. Second, the determining tendency, the set, or idea. 
This masquerades under many names in contemporary psychology, but is, 
in every case, an inference from the restriction of behavior within definite 
limits. Third, the syntax of the act, which can be described as an habitual 
order or mode of relating the expressive elements; a generalized pattern 
or schema of integration which may be imposed upon a wide range and 
a wide variety of specific acts. This is the essential problem of serial order: 
the existence of generalized schemata of action which determine the 
Sequence of specific acts, acts which in themselves or in their associations 
Seem to have no temporal valence. 

I shall turn now to other phenomena of movement which may be more 
readily phrased in physiological terms and which may suggest some of 
the mechanisms underlying serial order. 

Duration and Intensity of Nervous Discharge 

A consideration of the control of extent and rate of movement supports 
the view that sensory factors play a minor part in regulating the intensity 
and duration of nervous discharge; that a series of movements is not a 
Chain of sensory-motor reactions. The theory of control of movement 
Which was dominant at the turn of the century assumed that, after a 
movement is initiated, it is continued until stopped by sensations of 
movement and position, which indicate that the limb has reached the 

esired position. This theory was opposed by a good bit of indirect evi- 
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dence, such as that accuracy of movement is increased rather than 
diminished with speed. I had opportunity to study a patient who had a 
complete anesthesia for movements of the knee joint, as a result of a 
gunshot wound of the cord (16). In spite of the anesthesia, he was able 
to control the extent and speed of movements of flexion and extension of 
the knee quite as accurately as can a normal person. 

The performance of very quick movements also indicates their inde- 
pendence of current control. “Whip-snapping” movements of the hand can 
be regulated accurately in extent, yet the entire movement, from initiation 
to completion, requires less than the reaction time for tactile or kinesthetic 
stimulation of the arm, which is about one-eighth of a second, even when 
no discrimination is involved. Such facts force the conclusion that an 
effector mechanism can be preset or primed to discharge at a given in- 
tensity or for a given duration, in independence of any sensory controls. 


Central Control of Motor Patterns 


Mats independence of sensory controls is true not only of intensity and 
duration of contraction of a synergic muscle group but is true also of the 
initiation and timing of contraction of the different muscles in a complex 
movement. The hand may describe a circular movement involving coordi- 
nated contractions of the muscles of the shoulder, elbow, and wrist in 
about 1/10 second, and the stopping of movement at a given position, 
of course, is only a small fraction of that time. The finger strokes of a 
musician may reach 16 per second in passages which call for a definite 
and changing order of successive finger movements. The succession of 
movements is too quick even for visual reaction time. In rapid sight read- 
ing it is impossible to read the individual notes of an arpeggio. The notes 
must be seen in groups, and it is actually easier to read chords seen simul- 
taneously and to tre ıslate them into “temporal sequence than to read 


Successive notes in the arpeggio as usually written. 

Sensory control of movement seems to be ruled out in such acts. They 
require the Postulation of some central nervous mechanism which fires 
with predetermined intensity and duration or activates different muscles 
in predetermined order, This mechanism might be represented by a chain 
er ee neurons, linked together by internuncials to produce suce 
“ en ai Aa some systems the order of action may be determined 
erg, Se or pace-setter. Buddenbrock (6) has shown for the stick 
dog, that ea a for a number of animals from the centipede to the 
de adeno ie: 2 ‚ne or more legs results in a spontaneous change in 
emie ot un Thus, for the insects, the normal order is alternate 
legs advancing to en legs with right first, left second, right third 
and left second its ©” With removal of the left first leg, the right first 

alternate and the order becomes right first, left third, right 
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third stepping together, with left second and right second advancing 
together, instead of alternately. These investigators were interested in 
spontaneity of reorganization, rather than in the mechanism of coordina- 
tion, and did not propose any theory for the latter. They did show, how- 
ever, that it is necessary to remove the leg completely to get the change in 
pattern of movement: sensory impulses from a limb stump would prevent 
it. Such coordination might be explained, perhaps, by a combination of 
loss of excitability in the centers of the absent limb, by the excitation of 
the remaining anterior center as a leader or pace-setter, and the spread 
of alternate waves of inhibition and excitation from the more anterior to 
the more posterior limb centers. The spontaneous change in coordination 
shows, however, that the coordination is not due to the action of pre- 
determined anatomic paths but is the result of the current physiological 
State of the various limb centers. 

Such an hypothesis implies also the assumption of a polarization of 
conduction along the neuraxis, with the order of excitation determined 
by the spatial arrangement of the centers of the legs. I see no other pos- 
sibility of accounting for the facts. The examples of circular movement 
and of finger coordination, involving temporal integration of movements, 
seem to call for a similar hypothesis. They might be ascribed to an 
habitual linkage of the movements through a simple chain of internuncials 
but for two facts. First, such series are usually reversible at any point or 
can be started from any point. This would require the assumption of a 
Second set of internuncials habituated to conduct in the opposite direction, 
and this in turn leads to the further assumption of a polarization of con- 
duction, Second, such patterns of coordinated movement may often be 
transferred directly to other motor systems than the ones practiced. In 
such transfer, as to the left hand for writing, an analysis of the movements 
shows that there is not a reduplication of the muscular patterns on the 
two sides, but a reproduction of movements in relation to the space 
Coordinates of the body. Try upside-down mirror writing with the left 
hand and with eyes closed for evidence of this. The associative linkage 
IS not of specific ‘movements but of directions of movement. An analysis 
of Systems of space coordinates suggests mechanisms which may con- 
tribute to Production of such series of movements in a spatial pattern. 


Space Coordinate Systems 


The work of Sherrington, Magnus, and others on postural tonus and 
reflexes has defined one level of spatial integration rather fully, yet it is 
doubtful if these studies have revealed the effective neural mechanism. 

he work has shown that the tonic discharge to every muscle in the 
Postural system is influenced by afferent impulses from every other muscle, 
toward increased or decreased activity, according to its synergic or antergic 
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action. To these influences are added vestibular and cerebellar effects. 
Diagrammatically these mutual influences of the muscular system may be 
represented by separate reflex circuits from each receptor to every muscle, 
as Sherrington (21, p. 148) has done. But no neuroanatomist would, I 
am sure, maintain that such separate circuits or paths exist. What the 
experiments on posture actually show is a correlation of sensory stimula- 
tion and of tonic changes in a network of neurons whose interconnections 
are still undefined. The reactions isolated experimentally have the char- 
acteristics of simple directly conducted reflexes, but their combination 
results in patterns of movement and posture which have definite relations 
to the axes of the body and to gravity. 

This postural system is based on excitations from proprioceptors. The 
distance receptors impose an additional set of space coordinates upon 
the postural system, which in turn continually modifies the coordinates of 
the distance receptors. The dropped cat rights itself, if either the eyes or the 
vestibular senses are intact, but not in the absence of both. The direction 
of movement on the retina imposes a directional orientation of the 
postural system. Conversely, the gravitational system imposes an orienta- 
tion of the visual field. Upright objects such as trees or the corners of a 
room appear upright, at no matter what angle the head is inclined. 
Derangement of the vestibular system can disturb the distance orienta- 
tion or the orientation of the receptors, as in the apparent swaying of the 
vertical as a result of the after-images of motion following hours of rock- 
ing in a small boat. : s 

There are other, still more generalized systems of space coordinates. We 
usually keep track of the compass points or of some more definite index 
of direction by a temporal summation of the turns made in walking, 
though not always with success. Finally, there is a still more plastic sys- 
tem in which the concepts of spatial relations can be voluntarily reversed, 


he en one plays blindfold chess alternately from either side of the 
oard. 


Explanation of these activities, these complex interactions, in terms of 


simple isolated interconnections of all the sensory and motor elements 
involved seems quite improbable on anatomic grounds and is ruled out by 
results of our experiments on sectioning of the spinal cord. Ingebritsen 
(14) studied rats with double hemisection of the cord; one half of the 
cord cut at the second, the other at the fifth cervical segment. In the 
best case only a small strand of the spino-cerebellar tract of one side 
remained intact. These rats were able to balance in walking, oriented to 
visual stimuli, scratched with the right or left hind foot according to the 
side of the face stimulated, were able to run mazes correctly, and even 


learned to rise on the hind feet and push down a lever with the forepaws 
in opening a box. 


—— 
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The alternative to the isolated-path theory of the space coordinates is 
that the various impulses which modify postural tonus are poured into 
a continuous network of neurons, where their summated action results in 
a sort of polarization of the entire system. I shall consider later the inte- 
grative properties of such a net. For the moment I wish to emphasize 
only the existence of these systems of space coordinates. Their influences 
pervade the motor system so that every gross movement of limbs or body 
is made with reference to the space system. The perceptions from the 
distance receptors, vision, hearing, and touch are also constantly modified 
and referred to the same space coordinates. The stimulus is there, in a 
definite place; it has definite relation to the position of the body, and it 
shifts with respect to the sense organ but not with respect to the general 
orientation, with changes in body posture. 

Memories of objects usually give them position in the space system, 
and even more abstract concepts may have definite spatial reference. 
Thus, for many people, the cardinal numbers have definite positions on a 
Spiral or other complicated figure. What, if anything, such space char- 
acters can contribute to temporal integration is an open question. They 
provide a possible basis for some serial actions through interaction of 
postural and timing mechanisms. 


Rhythmic Action 


The simplest of the timing mechanisms are those controlling rhythmic 
activity. T. Graham Brown (5) first showed by his studies of deafferented 
Preparations that the rhythmic movements of respiration and progression 
are independent of peripheral stimulation and are maintained by a central 
nervous mechanism of reciprocal innervation. He suggested that this 
mechanism of reciprocal innervation, rather than the simple reflex, is the 
unit of organization of the whole nervous system. He thus foreshadowed, 
m a way, the conception of reverberatory circuits which is coming to play 
so large a part in neurological theory today. Holst (13) has recently 
shown that the rhythmic movement of the dorsal fin of fishes is a com- 
Pound of two superimposed rhythms, that of its own innervation and that 
of the pectoral fins, These two rhythms are centrally maintained. 

Musical rhythms seem to be an elaboration of the same sort of thing. 

he time or beat is started and maintained at some definite rate, say 160 
Per minute. This rate is then imposed upon various activities. The fingers 
of the musician fall in multiples of the basic rate. If the leader of a 
quartet speeds up the time or retards, all the movements of the players 
eee in rate accordingly. Not only the time of initiation but also the rate 
er is affected. The violinist, in a passage requiring the whole 
tis 14 draw the bow from frog to tip at a uniform rate for the required 

er of beats, whether the tempo is fast or slow. With practiced vio- 
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linists, the rate of movement is extremely accurate and comes out on the 
beat at the exact tip of the bow. 

Superimposed on this primary rhythm is a secondary one of emphasis, 
giving the character of 3/4, 4/4, 6/4, or other time. The mechanism of 
these rhythms can be simply conceived as the spread of excitation from 
some centers organized for reciprocal innervation; as a combination of the 
principles of Brown and of Holst. There are, however, still more compli- 
cated rhythms in all music. That of the melodic line is most uniform. In 
much music, the melodic progression changes in 2, 4, or some multiple of 
4 measures. In improvisation, the performer keeps no count of measures, 
yet comes out almost invariably in a resolution to the tonic of the key 
after some multiple of 8 measures. Here a generalized pattern is impressed 
on the sequence, but it is a simpler pattern than that of grammatical 
structure. It only requires the recurrence of a pattern at certain rhythmic 
intervals; a pick-up of a specific pattern after so many timed intervals. 

There are, in addition, still less regular rhythms of phrasing and em- 
phasis. Parallels to these can be found in speech, The skilled extempo- 
raneous speaker rounds his phrases and speaks with a definite though not 
regular rhythm. 

The rhythms tend to spread to almost every other concurrent activity. 
One falls into step with a band, tends to breathe, and even to speak in 
time with the rhythm. The all pervasiveness of the rhythmic discharge is 
shown by the great difficulty of learning to maintain two rhythms at once, 
as in three against four with the two hands. The points to be emphasized 
here are the widespread effects of a rhythmic discharge indicating the 
involvement of almost the entire effector system, the concurrent action of 
different rhythmic systems, and the imposition of the rate upon both the 
initiation and speed of movement. Consideration of rhythmic activity and 
of spatial orientation forces the conclusion, I believe, that there exist in 
the nervous organization elaborate systems of interrelated neurons ca- 
pable of imposing certain types of integration upon a large number of 
widely spaced effector elements; in the one case transmitting temporally 
spaced Waves of facilitative excitation to all effector elements; in the 
other imparting a directional polarization to both receptor and effector 
elements, These systems are in constant action. They form a sort of 
substratum upon which other activity is built. They contribute to every 


perception and to every integrated movement. 


Interaction of Temporal and Spatial Systems 


Integration ascribed to the spatial distribution of excitations in the 
nervous system has been much more intensively studied than the temporal 
aspects of nervous activity, Theories of integration are based almost exclu- 
sively upon space properties, time entering only in theories of facilitation, 


THE PROBLEM OF SERIAL ORDER 521 


inhibition, and after-discharge. In cerebral functions, however, it is difh- 
eult to distinguish between spatial and temporal functions. The eye is the 
only organ that gives simultaneous information concerning space in any 
detail. The shape of an object impressed on the skin can scarcelv be 
detected from simultaneous pressure, but the same shape can readily be 
distinguished bv touch when traced on the skin with a moving point or 
when explored by tactile scanning. The temporal sequence is readily 
translated into a spatial concept. Even for vision it might be questioned 
whether simultaneous stimulation gives rise directly to space concepts. 
The visual object is generally surveved by eve movements, and its form 
is a reconstruction from such a series of exeitations. Even with tachisto- 
scopic exposures, the after-discharge permits a temporal survey, and, with 
Visual fixation, shifts of attention provide an effective scanning. 

Since memory traces are, we believe, in large part static and persist 
simultaneously, it must be assumed that they are spatially differentiated. 
Nevertheless, reproductive memory appears almost invariably as temporal 
sequence, either as a succession of words or of acts. Even descriptions of 
Visual imagery (the supposed simultaneous reproductive memory in 
Sensory terms) are generally descriptions of sequences, of temporal recon- 
structions from very fragmentary and questionable visual elements. Spatial 
and temporal order thus appear to be almost completely interchangeable 
in cerebral action, The translation from the spatial distribution of memory 
traces to temporal sequence seems to be a fundamental aspect of the 
Problem of serial order. 

I spoke earlier of the probability of a partial activation or priming of 
aggregates of words before the sentence is actually formulated from them. 
Phere is a great deal of evidence for such preliminary facilitation of pat- 
terns of action in studies of reaction time and of word association. Reaction 
time, in general, is reduced by preliminary warning or by instructions 
which allow the subject to prepare for the specific act required. In con- 
trolled association experiments, the subject is instructed to respond to the 
Stimulus word by a word having a certain type of relation to it, such as 
the opposite or a part of which the stimulus is the whole; black-white, 
apple-seed. The result is an attitude or set which causes that particular 
Category to dominate the associative reaction. Whether such preliminary 
reinforcement is to be ascribed to accumulation of excitatory state, as 
defined by Sherrington (21), or to some other physiological process, the 
facts of behavior assure that it is a genuine phenomenon and plays a 
decisive role in determining the character of the response. 

Once the existence of such states of partial activation is recognized, 
their possible role in temporal integration must be considered. There are 
indications that one neural system may be held in this state of partial 
excitation while it is scanned by another. Here is an example. A series 
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of four to six numbers is heard: 3-7-2-9-4. This is within the attention 
or memory span and is almost certainly not remembered in the sense in 
which one’s telephone number is remembered, for memory of it is imme- 
diately wiped out by a succeeding series of numbers. While it is retained 
in this unstable way, = to ‘ewer inhibition, the order of the 
numbers can be reassorted: 3-7-2- 2-9-4, 3-2-7-9-4, 4-9-2-7-3, and the 
like. It is as if, in this case, a nf as alternation can suppress alternate 
items, or a direction of arousal can be applied to the partially excited 
system. Another example which illustrates even more clearly the spatial 
characteristics of many memory traces is the method of comultiplication, 
used in rapid mental calculation. In attempts to play a melody backward, 
we have a further illustration. I find that I can do it only by visualizing 
the music spatially and reading it backward. I cannot auditorily transform 
even “Yankee Doodle” into its inverse without some such process, but it is 
possible to get a spatial representation of the melody and then to scan 
the spatial representation. The scanning of a spatial arrangement seems 
definitely to determine, in such cases, the order of procedure. Two 
assumptions are implied by this. First, the assumption is that the mem- 
ory traces are associated, not only with other memory traces, but also 
with the system of space coordinates. By this I do not mean that the 
engram has a definite location in the brain; our experiments show con- 
clusively that such is not the case. Rather, when the memory trace is 
formed it is integrated with directional characters of the space system, 
which give it position in reference to other associated traces. Second, the 
assumption is that these space characters of the memory trace can be 
scanned by some other level of the coordinating system and so trans- 
formed into succession. 

This is as far as I have been able to go toward a theory of serial order 
in action. Obviously, it is inadequate. The assumptions concerning spatial 
representation and temporal representation may even beg the question, 
since no one can say whether spatial or temporal order is primary. Further- 
more, such determining tendencies as the relation of attribute to object, 
which gives the order of adjective and noun, do not seem to be analyzable 
into any sort of spatial structure or, for that matter, into any consistent 
relationship. I have tried a number of assumptions concerning the selec- 
tive mechanism of grammatical form (spatial relations, the relative inten- 
sity or prominence of different words in the idea, and so on) but I have 
never been able to make an hypothesis which was consistent with any 
large number of sentence structures. Nevertheless, the indications which 
I have cited, that elements of the sentence are readied or partially acti- 
vated before the order is imposed upon them in expression, suggest that 
some scanning mechanism must be at play in regulating their temporal 
sequence. The real problem, however, is the nature of the selective 
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mechanism by which the particular acts are picked out in this scanning 
process, and to this problem I have no answer. 

Such speculations concerning temporal and spatial systems do little 
more than illustrate a point of view concerning nervous organization 
which is, I believe, more consistent both with what is known of the 
histology and elementary physiology of the brain and also with behavior 
phenomena than are the more widely current theories of simple associative 
chains of reactions. 

Nearly forty years ago Becher (2, p. 243) wrote: “There is no physio- 
logical hypothesis which can explain the origin and relations of temporal 
forms in mental life; indeed, there is no hypothesis which even fore- 
shadows the possibility of such an explanation.” The situation is little 
better today, but I do feel that changing conceptions of the fundamental 
organization of the nervous system offer more hope for a solution of such 
problems than did the physiological knowledge available when Becher 
wrote. However, we are still very far from being able to form an explicit 
explanation of temporal structure. 


The Fundamental Mechanism of Integration 


Neurological theory has been dominated by the belief that the neurons 
of the central nervous system are in an inactive or resting state for the 
greater part of the time; that they are linked in relatively isolated condi- 
tioned reflex arcs and that they are activated only when the particular 
reactions for which they are specifically associated are called out. Such a 
view is incompatible both with the widespread effects of stimulation 
which can be demonstrated by changes in tonus and also with recent evi- 
dence from electrical recording of nervous activity. It is now practically 
certain that all the cells of the cerebrospinal axis are being continually 
bombarded by nerve impulses from various sources and are firing regu- 
larly, probably even during sleep. The nervous activity which they in 
turn elicit depends upon the current physiological state of the neurons 
with which they are connected. It is probably not far from the truth to say 
that every nerve cell of the cerebral cortex is involved in thousands of 
different reactions, The cortex must be regarded as a great network of 
reverberatory circuits, constantly active. A new stimulus, reaching such a 
System, does not excite an isolated reflex path but must produce wide- 
Spread changes in the pattern of excitation throughout a whole system of 
already interacting neurons. 

The facts of cerebral structure support such a view. The cortex is com- 
Posed chiefly of neurons with short axons. Le Gros Clark (8) has found 
for the striate area of the monkey that Marchi degeneration extends for 
Only a short distance from a point of injury. In the striate area of the rat, 
I have never been able to trace degeneration beyond three or four cell 
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diameters from the margin of a lesion, and I believe that this lack of long 
transcortical fibers is true of other areas as well as of the visual cortex. 
Visual perception reveals close integration of different parts of the striate 
areas in spite of the absence of long association fibers. In the visual cortex 
of the rat there are only 19 neurons for each afferent fiber. To produce 
the animal’s visual acuity, all of the afferent fibers must be firing continu- 
ally. There are approximately 34,000 cell bodies in the lateral geniculate 
nucleus of the rat, and the minimum number of visual units necessary to 
produce the visual acuity of the rat is actually above this figure. (The 
acuity is determined by direct experimental tests.) These figures should 
be of interest in relation to the numerical values cited by Dr. von Neu- 
mann. The number of cells in the visual cortex of the rat is only about 108, 
and in some of my experiments where I have removed the greater part 
of the visual cortex the capacity for discrimination of visual forms has 
been retained when no more than 20,000 cells of the visual cortex remain. 
There is also evidence that no part of the cerebral cortex except the visual 
areas is essential for visual perception and memory. 

These facts lead to the conclusion that the same cells in the visual cortex 
participate in a great variety of activities. Practically all of the cells of 
the area must be fired by every visual stimulation, and these same cells 
must be the ones which retain the visual memories. The conclusion fol- 
lows that differential responses depend upon the pattern of cells which are 
excited in combination. The visual cortex is a network of cells of short 
axon without long interconnections between its parts or with other cortical 
areas. Its integrative functions are an expression of the properties of such 
a network. 

The same conception must be applied to other cortical areas. There are, 
of course, long association tracts in the cortex, such as the corpus cal- 
losum, the superior longitudinal fasciculus, and the temporo-frontal tracts. 
Once, 26 years ago, I suggested facetiously that these might be only 
skeletal structures, since I could find no function for them. No important 
functions of these tracts have yet been demonstrated. Section of the corpus 
callosum produces only a slight slowing of reaction time, ipsilateral as 
well as contralateral (1); section of occipito-frontal fibers produces, per- 
haps, a temporary disturbance of visual attention but no other symptoms. 
The integrative functions seem to be carried out as well without as with 
the main associative tracts. The major integrative functions must, there- 

fore, be carried out by the network of cells of short axon. The properties 
of such networks of cells must be analyzed before the mechanisms of the 
cerebral cortex can be understood. Something can be inferred from the 
characteristics of excitability of cells and their arrangement in recurrent 
loops. If, as seems a necessary conclusion from the histology of the striate 
area, all of the cells of the network are subject to constant excitation and 


THE PROBLEM OF SERIAL ORDER 525 


are firing whenever they recover from the refractory state, then mutual 
interference of circuits will produce complicated patterns throughout the 
area, patterns which will stabilize in the absence of differential stimula- 
tion, as is perhaps indicated by the regularity of the alpha rhythm. Any 
new afferent impulses reaching the area can only produce a reorganization 
of the existing pattern. What happens at any particular point in the 
system, as at an efferent neuron, is the statistical outcome of the inter- 
action of myriads of neurons, not of the transmission of impulses over a 
restricted path, of which that efferent cell forms a link. It is possible to 
isolate parts of the system by operative means or by anesthetics and so 
to get a one-to-one relation of stimulus locus and responding muscles, 
from which the reflex mechanism has been inferred. As Goldstein (12) has 
Pointed out, however, the parts isolated in the reflex are influenced by a 
multiplicity of effects in the intact organism of which there is little or no 
trace in the isolated preparation. 

I can best illustrate this conception of nervous action by picturing 
the brain as the surface of a lake. The prevailing breeze carries small 
ripples in its direction, the basic polarity of the system. Varying gusts set 
UP crossing systems of waves, which do not destroy the first ripples, but 
modify their form, a second level in the system of space coordinates. A 
tossing log with its own period of submersion sends out periodic bursts of 
ripples, a temporal rhythm, The bow wave of a speeding boat momentarily 
sweeps over the surface, seems to obliterate the smaller waves yet leaves 
them unchanged by its passing, the transient effect of a strong stimulus. 
Wave motion is not an adequate analogy because the medium which con- 
veys the waves is uniform, whereas the nerve cells have their individual 
characteristics of transmission which at every point may alter the char- 
acter of the transmitted pattern. 

The great number of axon terminations on every nerve cell has not been 
Considered in theories of integration. It implies, of course, that the cell can 

e fired by impulses from a variety of sources. But it also suggests another 
Possibility, more fruitful for understanding of integrative processes. A 
nerve impulse arriving over a single axon terminal may not fire the cell but 
May modify its excitability to impulses from other sources. In an elaborate 
System of neurons such subthreshold effects might establish a pattern of 
facilitation which would determine the combination of cells fired by sub- 
sequent excitations. The space coordinate system and various types of 
set or priming may be pictured as patterns of subthreshold facilitation 
Pervading the network of neurons which is activated by the more specific 
external stimulus. 

, Such a view of the mechanism of nervous action certainly does not 
Simplify the problems nor does it as yet provide any clue to the structur- 
ing that constitutes the set or determining tendency, or to the nature of 
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such relations as are implied in the attribute-object, opposites, or other 
abstract concepts. A few relations seem reducible to spatial terms, part- 
whole, for example, but even for these there is no clear conception of the 
neural basis of their space properties. These considerations do not, I be- 
lieve, contradict fundamentally the basic conceptions that have been 
formulated by Dr. McCulloch. They do, however, indicate a direction of 
necessary elaboration. The nets active in rhythmic and spatial organiza- 
tion are apparently almost coextensive with the nervous system, The anal- 
ysis must be extended to the properties of such nets; the way in which 
they are broken up into reactive patterns in the spread of excitation, to 
give, for example, directional propagation or its equivalent. I strongly 
suspect that many phenomena of generalization, both sensory and con- 
ceptual, are products, not of simple switching, but of interaction of com- 
plex patterns of organization within such systems. 


Summary 


The problems of the syntax of action are far removed from anything 
which we can study by direct physiological methods today, yet in attempt- 
ing to formulate a physiology of the cerebral cortex we cannot ignore 
them. Serial order is typical of the problems raised by cerebral activity; 
few, if any, of the problems are simpler or promise easier solution. We 
can, perhaps, postpone the fatal day when we must face them, by saying 
that they are too complex for present analysis, but there is danger here of 
constructing a false picture of those processes that we believe to be 
simpler. I am coming more and more to the conviction that the rudiments 
of every human behavioral mechanism will be found far down in the 
evolutionary scale and also represented even in primitive activities of the 
nervous system. If there exist, in human cerebral action, processes which 
seem fundamentally different or inexplicable in terms of our present con- 
struct of the elementary physiology of integration, then it is probable 
that that construct is incomplete or mistaken, even for the levels of be- 
havior to which it is applied. 

In spite of its present inadequacy, I feel that the point of view which 

I have sketched here holds some promise of a better understanding of 
cerebral integration. Attempts to express cerebral function in terms of the 
concepts of the reflex arc, or of associated chains of neurons, seem to me 
doomed to failure because they start with the assumption of a static 
nervous system. Every bit of evidence available indicates a dynamic, con- 
stantly active system, or, rather, a composite of many interacting systems, 
which I have tried to illustrate at a primitive level by rhythm and the 
space coordinates. Only when methods of analysis of such systems have 
been devised will there be progress toward understanding of the physiol- 
ogy of the cerebral cortex. 
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31. CEREBRAL ORGANIZATION 
AND BEHAVIOR' 


Today I shall discuss a subject which, like our Ocdipus complexes, has 
probably troubled many of us but has been suppressed, especially in 
scientific meetings. Suppression is a sign of conflict, and I hope that I may 
be able to contribute something to lessen the tension. I refer to the prob- 
lem of how the brain knows that it knows; what characteristics of neural 
activity constitute mind. The pioncers in neurology were not troubled by 
this problem. They accepted the metaphysics of their day, which regarded 
the brain only as the agent of mind. Mind was for them a little man, seated 
in the head, who did all the thinking and willed all the actions for the 
rain. The brain was really only an impediment to him since, by the 
doctrine of survival, he could get along even better without it. (No one 
Seems to have noted that this concept involved an infinite regression, like 
Puppy dogs and little fleas.) When Fritsch and Hitzig reported the ex- 
Citability of the cortex, they readily interpreted the excitable areas as “the 
Place of entry of single psychic functions into material.” And students of 
Cerebral localization, even when they did not subscribe to mind-brain 
‘teraction, were content to ascribe mental functions to specific areas, 
without inquiring how the areas carry out the functions. Even today this 
mixing of the mental and physical retards analysis of the actual functions 
of specialized parts of the nervous system. 

In 1881 Bubnoff and Heidenhain wrote, “It seems to us absolutely 
Necessary that investigations of the physiology of the brain be kept as dis- 
tinct as possible from the accompanying psychological processes.” Pavlov, 
who studied for a time with Heidenhain and was much influenced by him, 
Ceveloped this attitude still further in his attempt to construct a complete 
Account of behavior in terms of conditioned reflexes without reference to 
mental phenomena. Bechterew, who anticipated Pavlov in the formula- 
tion of behavior in terms of associative reflexes, accepted a psychophysical 
Parallelism. Pavlov was less explicit but came to regard mental phenomena 
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philosophers, whom he held in slight esteem. The behaviorist school in 
America has carried this conception to its logical conclusion, not only 
denying that mental phenomena are relevant in the study of behavior, but 
asserting that they do not provide a basis for any scientific study what- 
ever. Their position, however, still leaves them with the problem of how 
man ever developed the delusion that he is conscious. 

Students of neurology might well be content to leave the problem in 
such hands, although it is certain that no solution will come from those 
sources. Mind, for psychologists since Watson, has become a naughty 
word. Metaphysicians and theologians have spent so many years weaving 
fairy tales about it that they have come to believe one another's phan- 
tasies. 

There are indications, however, of an increasing interest in the problem 
of mind among neurologists. I would not intrude the question here, in 
what I am sure will otherwise be a serious scientific discussion, save that, 
within the past few years, three leaders in neurology, specialists in differ- 
ent fields, have asserted that mind cannot be explained by the activities of 
the brain and have sought to reseat the little man on his throne in the 
pineal gland. 

Sherrington (14), after demonstrating that mind is not a special form 
of energy, wrote: 


The sun’s energy is part of the closed energy cycle. What leverage can it 
have on the mind? Yet through my retina and brain it seems able to act on my 
mind. The theoretically impossible happens. In fine, I assert that it does act 
on my mind. Conversely my thinking “self” thinks that it can bend my arm. 
Physics tells me that my arm cannot be bent without disturbing the sun. 
My mind then does not bend my arm. Or, the theoretically impossible hap- 
pens. Let me prefer to think that the theoretically impossible does happen. 


Eccles (4) accepts Sherrington’s conclusion that the mind is not a form 
of energy, then evolves an elaborate theory as to how non-energy mind 
can act on matter, appealing to telepathy as supporting evidence. He ac- 
cepts Eddington’s misrepresentation of Heisenberg’s principle of uncer- 
tainty and makes elaborate calculations to show that a minute “influence.” 
within the limits which Eddington sets to the uncertainty principle, can 
act upon a synaptic junction and modify behavior. As Heisenberg himself 
has told me, the principle of uncertainty is entirely irrelevant to the ques- 
tion of causal determination. It is a principle of unobservability, and as a 
basis for doctrines of will it is in a class with the belief that the invisible 
face of the moon is made of green cheese. Also, I still consider the gam- 
bling house odds more reliable than Rhine’s statistics. 

Walshe (16) bases his argument for reviving the soul chiefly upon the 
assertion that man is more wonderful and more dignified than the earwig. 
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I cannot quote the earwig but can quote Archy, the cockroach, in reply 
(Don Marquis). “A man thinks he amounts to a great deal but to a mos- 
quito he is only something good to eat.” 

I am not ready to accept these doctrines of scientific despair and Chris- 
tian hope. They are based upon a thorough misconception of the facts of 
consciousness. They fail to analyze the problem and show no conception 
of what phenomena are to be explained, or cannot be explained, by the 
action of the brain. The problem requires an entirely different approach; 
a thorough analysis of the phenomena of consciousness, oriented with 
reference to the phenomena of neural activity. Only when such an analy- 
sis has been made, will it be possible to test the correlation of mental 
states and processes with the brain’s activity. I am confident that when 
the questions which are now held to be unanswerable are properly formu- 
lated, they will turn out to be capable of translation into physiological 
terms and will fall within the competence of present methods of physio- 
logical research. I shall try to illustrate the sort of analysis which is 
required and the conception of mental events to which it gives rise. I shall 
also speculate a little concerning the nature of the neural processes sug- 
gested by the mental organization. 

Some thirty years ago I first tried to get a clear definition of the mind- 
body problem. I went through a mass of literature, chiefly the product of 
various schools of philosophy, and listed all the characteristics of mind 
which were cited as inexplicable in terms of neural action. I then turned 
to the psychological evidence to test the validity of these supposed char- 
acteristics. This is a procedure which has since acquired philosophic 
Tespectability by being christened an ism (operationism), which is 
merely questioning generalizations and extrapolations and going back to 
examine the data from which they were derived. I was forced to the con- 
clusion that philosophers have been unreliable observers and that much 
of the difficulty of the mind-body problem is due to their incompetence 
as psychologists. The phenomena to be explained, as studied by psycholo- 
gists, are mostly not what the philosophers have claimed them to be. 

My original list of supposedly inexplicable traits was quite long, and I 

© not intend to inflict them all upon you. One of the most widely cited 
and heavily emphasized of them derives from Descartes’s “cogito ergo 
sum.” He thought this a statement of a fundamental truth, but as Ber- 
trand Russell (13) has emphasized, it is only a false analogy. I, my body, 
does work. My body exists. Thinking is work; therefore there must be 
Something to do the thinking. The analogy is false. The only conclusion 
that can be derived from experience is that thought exists. No psychologist 
has ever discovered the thinker. William James (7) reported that the 
Search for the I reveals only feelings of tension, chiefly in the mouth and 
throat. There are neither empirical nor logical grounds for assuming that 
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the existence of consciousness implies a distinct entity which is in the 
relation to it of a knower or doer. ; 

The problems of mind suggested by the literature fall into two groups: 
first, the nature of the items, elements, or things which are present in con- 
sciousness; second, the arrangement or patterns in which these items 
occur. That is, experience consists of sensations, images, emotions, and 
perhaps some less clear items, arranged in an endless variety of combina- 
tions which are described by the laws of perception, of thought, or of 
logic. The problems arising from these two aspects of mind are different. 
The content of experience, the sensations and the like, constitutes all that 
is directly known. It is the material which has most stubbornly resisted 
description in the space-time system of the physical sciences. The ordering 
is not so certainly to be characterized as mental. I shall deal with it first 
because interpretation of the content of experience is derived from the 
ordering. 

No activity of mind is ever conscious. This sounds like a paradox, but it 
is none the less true. There are order and arrangement, but there is no 
experience of the creation of that order. I could give numberless examples, 
for there is no exception to the rule. A couple of illustrations should suf- 
fice. Look at a complicated scene. It consists of a number of objects stand- 
ing out against an indistinct background; desk, chairs, faces. Each consists 
of a number of lesser sensations combined in the object, but there is no 
experience of putting them together. The objects are immediately present. 
When we think in words, the thoughts come in grammatical form with 
subject, verb, object, and modifying clauses falling into place without our 
having the slightest perception of how the sentence structure is produced, 
If you question this, try to think a thought in dactylic hexameter; with 
the syllables correctly emphasized; in the rhythm of, “This is the forest 
primeval, the murmuring pines and the hemlocks.” 

Experience clearly gives no clue as to the means by which it is or- 
ganized. If the organization were produced by a slide rule or by a digital 
computer, consciousness would give no indication of the fact nor any 
basis for denying it. If the brain is capable of producing such organiza- 
tion, then it may be considered the organizer. 

The assertion is frequently made that the ordering of mental processes 
or the achievements of mind are such as no machine could accomplish. 
Specific characteristics of the organization have been cited as inexplicable. 
Some of these are based on a false interpretation of the phenomena; others 
present genuine problems; problems which can, however, be formulated 
in physiological terms. I shall review a few of these characteristics or 
attributes of mental organization to show the misconceptions which they 
involve and also the genuine problems which they raise. 
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The Unity of Consciousness 


Kant held that the mind, being immaterial, cannot occupy space. The 
idea goes much further back, as in the scholastic discussion of how many 
angels can dance on the point of a needle. Psychologists, however, at 
least in recent times, have seen no reason to keep mind unitary. William 
McDougall (12), whom I regard as the most able student of these matters, 
although I disagree with every word he ever wrote, postulated an atom of 
mind adsorbed on every material atom. When the physical atoms are 
assembled in the brain, “the mental atoms combine to form mind. (As I 
have mentioned elsewhere, this theory preceded the splitting of the 
atom.) The unity of mind, if it deserves that term, is a quite different 
thing. It is the unity of a system of interacting and interdependent parts; 
the same sort of unity as appears in any complicated machine. 

There are temporal combinations which might be called unifying ac- 
tions. The words of a spoken sentence may extend over a considerable 
interval of time, yet the sentence as a whole arouses further associations. 
Such facts present definite physiological problems, in this case the nature 
of the persistent aftereffects of neural activity. 

The concept of mental unity seems to be responsible for the search for 
some center of consciousness, where information from all parts of the 
brain is brought together and synthesized. Such a notion violates what I 
believe to be a basic principle of interpretation of neural action. The 
neural processes constituting a percept, a memory, or an idea cannot have 
fewer distinct elements than the number of items present in consciousness. 
When one looks at a sheet of coordinate paper, there may be 300 or more 
Squares seen clearly within the foveal field. The squares extend, progres- 
Sively less clearly, to the edges of the paper, and dots or lines in the 
periphery are seen as breaks in the texture. Such a field may include 20,000 
or more distinct visual items. Each item of the visual field must be repre- 
sented either by a distinct neural event or by some simplified, symbolic 
representation of the entire visual field. The latter alternative implies as 
many distinct symbols as there are possible permutations of items in 
vision, and this presents an even greater task for any limited system of 
Neurons in a center of consciousness, than does the assumption of a neural 
event for each item in consciousness. Only the cerebral cortex has a large 
enough number of elements to provide for such complexity. 

Experience is a sequence of interrelated events, but the unity is only 
that of coexistence of elements belonging to the same order. 


The Mind’s Transcendence of Time and Space 


. The brain is only here and now, but mind leaps into the past and brings 
it into the present. Mind crosses the ocean when we think of scenes in 
London or Paris. Mind reaches into the future when we foresee events. 
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Yes, there are plenty of such statements in the literature, and E. B. Holt 
(5) wrote a whole book about them. But my mind can also pass through 
the looking glass, wander in the tulgy wood, and see the burbling Jabber- 
wock. There is no more transcendence in the one case than in the others. 
There is a core of problems in these extravagant claims, though they are 
not often clearly formulated; for instance, the dating of memories. What 
places the memory of an event in the past? I have a memory of a day in 
school, or rather a completely isolated memory of a large and dangerous- 
looking woman bending over me and thrusting at me a contrivance of 
wooden balls strung on wires, a memory of slapping her and running. As 
a memory this has no date. It might have been a dream last night. But it 
is dated by hearsay; that I was sent to school at the age of four and ran 
away. That places it in the ordered series of memories of the places where 
I have lived. For me, places of residence form the major units of the time 
scale. We each have, I think, such a seried scheme of memories. The 
order is determined just as is the memory of the alphabet, polarized from 
a to z, and the pastness of memories is estimated by it. There is no very 
satisfactory theory of this polarization of memories, but Hull’s adaptation 
of Pavlov’s irradiation theory is a possible one (6). 

A version of this notion of mind’s transcendence appears in Sherring- 
ton’s interpretation of binocular vision. He states that there is no evidence 
that the nervous paths from two corresponding retinal points in the two 
eyes reach a common mechanism in the brain. He denies that they do 
reach a common mechanism (14, p. 273) and concludes that binocular fu- 
sion is mental, not physical. He says, “The synthesis is a mental one in 
which the finite mind uses ‘time’ as synthesizer.” (Whatever that may 
mean.) Sperry’s studies show that anatomic connection is essential. The 
normal cat has binocular fusion like that of man. What is seen with one 
eye is recognized by the other. When the chiasma is severed, this interocu- 
lar transfer still occurs, but if the splenium is also severed, reactions which 
are formed with one eye are not transferred to the other.” 


The Selective Action of Mind 

Of the multitude of things which might be in consciousness, only a very 
limited number are present at any one moment. It is held that this isola- 
tion has no parallel in the physical world and that energy changes, since 
they form a continuum, could not effect such isolation. This category of 
mental activity involves many problems, such as attention and dissocia- 
tion, selective memory, and directed action. I can deal with them most 
readily by sketching the theory of cerebral organization that I have 
dreamed up in the course of years. It involves several postulates about 
integrative mechanisms. 


2 Reported at the International Physiological Congress, Montreal, 1953. 
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1. The billions of neurons in the cerebral network are organized into a 
large number of systems. Each system consists of the traces of a number of 
habits or memories. Knowledge of the moves and games of chess would 
constitute one such system; memories of neural anatomy another; and so 
on through all of the individual's varied interests. The traces or engramata 
in any system are more closely connected with one another than with 
other systems. The systems are not anatomically separate, and the same 
neurons, in different permutations, may participate in many systems. For 
brevity I shall call these “trace systems.” 

2. Such a trace system may be thrown into a state of tonic activity by 
an external stimulus which activates one set of traces within it. In the 
tonic state the traces of the system are readily excitable and available to 
recall, Other systems are in abeyance. Thus when one plays chess, the 
Evans gambit ‘or Philodor’s defense may be readily recalled. But if the 
player is interrupted by the question, “Who won the pennant last year?”, 
he will take some time to “collect his thoughts”; that is, to organize the 
baseball trace system. Such a general tonic activation seems a plausible 
explanation of concentration upon a particular subject, limiting associa- 
tions to that subject. Questions of preparatory adjustment, organization of 
purposive activities, and the like can be formulated in such terms. An acti- 
vated trace system would limit associations of the flow of ideas to the 
topics included in that group of traces. As I have stressed elsewhere (10), 
grammatical structure and other ordered activities imply some sorting or 
arranging mechanism, active before the words reach overt speech or 
silent thought. The relations in thought structure are antecedent to con- 
Sciousness. The tonic background might provide the basis for this preor- 
ganization. This leads to the problem of the neurology of logic, of which 
a bit more, later. 

3. A system in tonic activity dominates the brain field, limiting the or- 
ganization of other systems. It is relatively impervious to unrelated exci- 
tations, An intense stimulus, or an emotionally charged one, such as the 
Sound of one’s name, may break in, but the great mass of afferent excita- 
tions is excluded. This blocking might be either an active inhibition or 
the preemption of neurons which might otherwise be included in the 
blocked system. The phenomena of attention demand some such hy- 
pothesis. 

4. The neurons in a trace system, under tonic activation, exert some 
mutual facilitation. The tonic state of the whole system is thus built up 
and maintained. This was the only sort of explanation that I could find 
for the reduction in efficiency of behavior in proportion to the extent of 
brain damage. The assumption is consistent with Woodworth’s notion 
(19) that long practiced habits may be transformed into drives; that ac- 
tivities which have acquired many associations may become obsessive. 
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5. The level of tonus in the partially activated system may vary. Cir- 
cuits which have just been fully activated may retain a high level of 
subthreshold activity and thus contribute to the temporal organization 
evident in the memory span. 

6. Fixation in memory is generally possible only when the remembered 
material forms part of such a dominant system. Learning has been classi- 
fied in two types: mechanical, produced by repetition; and rational, which 
is not dependent on repetition. We remember the content of a book, not 
in the author’s words but in meanings which fit into previous knowledge 
of the subject. During the reading the meanings are not necessarily formu- 
lated clearly in verbal or other thought forms, but they may be so formu- 
lated later. That is, associations may be formed during reading with traces 

in the system which are not activated above tonic levels during learn- 
ing. 

This assumption would provide an explanation of some types of con- 
fusion in which the patient may show disconnected activities or disordered 
thinking, with no later memory of what occurred during the state. 

Such a system of low level tonic excitation in a system of memory traces 
would provide a basis for many of the characteristics of mental organiza- 
tion. The circuits of the trace system which are actively firing at levels 
sufficient to excite other traces would constitute the content of experience, 
limited and changing from moment to moment. The background of tonic 
activity would determine the direction of attention and of the flow of 
thought, restricting it to related associations. It would provide the binding 
force that holds together the temporal sequences through memory span 
and more permanent associations. Reduction in the tonic level of the 
system, as in sleep or under anesthetics, or violent invasion, as in a con- 
vulsive seizure, would destroy the organization necessary for memory and 
the continuity of the conscious state. Partial incomplete disorganization 
in sleep would permit interaction of different partial systems with the 
bizarre contaminations that occur in dreams. 

These assumptions concerning cerebral organization are, of course, 
purely speculative and mainly inferences from psychological events. There 
is no present direct evidence from physiology in support of them. How- 
ever, they are not inconsistent with what is now known of the physiology 
of the brain, and I believe that some such mechanism is implied by our 
present knowledge of the structure and activities of the cerebral cortex. 

As I emphasized at a previous meeting of the Association (11), it is 
probable that every neuron in the cerebral cortex, and indeed in the whole 
nervous system, is subject to a continuous bombardment by nerve im- 

pulses. This follows from consideration of cell number, of frequency of 
sensory input, and of the continuity of the cerebral network. The observa- 
tions of Gray Walter (17) on synchronous firing of many areas of the 
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cortex with driven alpha rhythms show how widespread the excitations 
may be. 

Not all and perhaps not even a large proportion of the neurons are fired 
by the bombardment. It requires at least two and perhaps many more 
impulses from end buds to fire the cell. But partial depolarization with 
increase in excitability may result from subthreshold volleys and, because 
of decremental conduction in the cell membrane, may be selective for 
special connections. When one set of circuits is actively fired, it should be 
expected that some neurons in associative connection with it would re- 
ceive too few impulses to fire them, but sufficient to prime them for 
response to impulses from other circuits. Sherrington’s studies of overlap 
in motor pools revealed a condition of increased excitatory state which 
could provide a mechanism for the tonic state of associated neurons at 
higher levels. This would result in a sort of priming of an entire associa- 
tive or trace system. 

I believe that what is known of the learning process justifies these as- 
sumptions concerning the role of the tonic background in the formation of 
associations. The importance of repetition in learning has been greatly 
exaggerated. Thorndike, who was the most eminent American student of 
learning and for many years an advocate of the theory of learning by 
repetition, finally denied its importance. He substituted for repetition a 
somewhat vague concept of “belongingness” which implies, so far as I can 
interpret it, some unconscious relational structure or unconscious asso- 
ciations. 

An organization of associated neurons excited at subthreshold levels 
seems not only a reasonable but an almost necessary consequence of the 
structure and known physiological properties of the cerebral cortex. As 
I have indicated, the interplay of such systems would provide a mech- 
anism for a large proportion of the selective activities of mind. 

A few other supposedly inexplicable mental activities can be mentioned 
only briefly. 


The Will 


Voluntary action is often cited as purely mental, chiefly because free- 
dom of the will is indispensable to many established ethical systems. Vol- 
untary action is usually defined as a choice between two foreseen alterna- 
tive actions. This is beautifully illustrated by the spinal frog. If a bit of acid 
23 placed on the midline of the rump, the preparation responds by alternate 
jerking of the hind legs; incipient wiping movements. Finally the motor 
System of one leg dominates, and that leg performs the complete wiping 
reflex, while the other is extended. Here is foresight; we often see a man 
making such tentative actions while he is reaching a decision, and his 
verbal debating (foresight) about it is only a substitute for other tentative 
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actions. After the period of indecision, of vacillation, the spinal frog also 
reaches its decision. Save in the complexity of the alternatives, the proce- 


dures are the same. 


The Self 

It has been held that the feeling of personal identity implies a subject 
of consciousness, a self external to and possessing the consciousness. Clini- 
cal evidence strongly indicates that the self is a stereotype of memories 
centering about the body image. Distortion of the body image often 
produces a loss of the feeling of personal identity, and an analysis of the 
normal self strongly supports such a view. I have worn spectacles for as 
long as I can remember, guarding them from damage, adjusting them, 
and searching for them in the morning. They seem to have become the 
focus of my self. When I try to imagine my ghost, it has no face, its body 
is vague. I am sure only that it wears spectacles. 


Creative Ability 

Du Noiiy (3) and Walshe, among others, argue that human achieve- 
ments are so much greater than those of any animal that they cannot be 
accounted for by the slight differences in the size and structure of the 
brains. There is no objective measure of achievement or of its difficulty. 
The measurement of intelligence is based upon a time scale; the units of 
measurement are units of chronological age. There is no measure of adult 
achievements, and the statement that one is quantitatively greater than 
another is meaningless. If the time scale is applied to evolutionary devel- 
opment of intellect, as it is to individual development, then the increase 
in mental ability from the tarsiers to the first ape is at least six times as 
great as that between the ape and man. Comparing the abilities of mon- 
keys and their brain sizes to those of the great apes, it seems not unlikely 
that the addition of two or three cell generations in the development of 
the ape brain might raise it to human capacity. 

An example of the difficulty of correlating structure and function with- 
out adequate analysis is the search for a locus of intelligence. Early 
students located intellect in the frontal cortex. Subsequent studies have 
chased it out of the frontal regions to the parietal, to the temporal, and it 
now seems relegated to subcortical regions. Factor analysis by Spearman, 
Thurstone (15) and others has meanwhile broken intelligence down into 
a number of special abilities, visual, spatial, verbal, and the like. These 
“primary abilities” resemble the functions disturbed by lesions in different 

arts of the cortex closely enough to suggest that they represent functions 
of different areas. But the analysis has not yet been carried far enough. 
When the tasks which differentiate the various special abilities are com- 
pared, many of them seem to involve the same sort of logical manipula- 
tions. And the same sort of manipulations appear in animals which lack a 
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cortex. They differ only with respect to the materials manipulated (visual, 
somesthetic, verbal). This suggests that the general principles of logical 
structure, the formation and manipulation of abstractions, are a general 
property of neural organization. The search for a center of intellect has 
been futile because the function was not adequately analyzed. 

The problem of the neurology of logic must be faced eventually. 
Wertheimer (18) has analyzed the solving of problems in a range from 
that of young children to Einstein's own accounts of his methods. Trial 
and error plays a dominant role in all cases, but it is a trial and error in 
applying logical principles. The number of kinds of logical relations with 
which the mind deals is not great; few symbols are employed in symbolic 
logic. Instances of animal behavior fitting every logical symbol can be 
found. The limitations of animal intelligence are set by the nature and 
complexity of the materials dealt with, not by fundamental logical rela- 
tions. The neurological problem is to define these relations among concrete 
processes so as to open them to physiological analysis. Most of the phe- 
nomena of abstraction and generalization are exhibited in the discrimina- 
tory behavior of animals, and some progress has been made toward 
physiological explanations at that level. 

I have thus far tried to show that the organization of mental states does 
not reveal any operations which cannot be accounted for in principle by 
the mechanisms of the brain. I doubt that any of the models representing 
brain activities, that we have today, embody the principles of neural in- 
tegration. The machines which compute or learn are almost all digital. 
The brain has been compared to a digital computer because the neuron, 
like a switch or valve, either does or does not complete a circuit. But at 
that point the similarity ends. The switch in the digital computer is con- 
Stant in its effect, and its effect is large in proportion to the total output of 
the machine. The effect produced by the neuron varies with its recovery 
from refractory phase and with its metabolic state. The number of neurons 
involved in any action runs into millions so that the influence of any one 
is negligible. With perhaps a few exceptions, like Mauthner’s cell in the 
embryo, any cell in the system can be dispensed with. I have made nearly 
a thousand stab wounds in the cortex of a monkey without producing 
discoverable symptoms. The accuracy of nervous activity is a statistical 
accuracy derived from the number of neurons involved. The character of 
Variation in sensory thresholds and in accuracy of movement bears this 
out. The brain is an analogical machine, not digital. Analysis of its inte- 
grative activities will probably have to be in statistical terms. The mathe- 
matical analyses of spreading waves of excitation in a nerve net by Ashby 
(1), Beurle (2), . . . and others are a promising start in this direction. 
The fact that we have not yet duplicated the mechanisms of the brain 
is, however, no argument for the existence of a separate mind. 
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Of course the doctrine of psychophysical parallelism has involved the 
theory that the mind’s activities are exactly duplicated in the brain, ever 
since recognition of conservation of energy, so that it may seem quite un- 
necessary to labor the point as I have done. But that doctrine does not 
provide any clue to the nature of the brain’s operations. I consider it ob- 
jectionable for several reasons. It admits a whole realm of events outside 
the scope of scientific explanation, providing a delightful playground for 
those who dislike science. More importantly, it takes a long step toward 
the mysticism of interactionism, and present-day neurologists seem only 
too ready to take the additional step. Finally, acceptance of the doctrine 
has definitely retarded the analysis of thought processes with an orienta- 
tion toward the problems of neurophysiology. 


Thought and Action 

A word concerning the relation of the neural processes of thought to 
behavior. I once invented a thought-reading machine; a system of levers 
which magnified and recorded movements of the tongue. I first had my 
subjects speak a word, then think it silently. Movements of the tongue 
were minute but otherwise identical with those of speech. However, it 
was soon evident that when the subject thought for a few moments with- 
out speech, the tongue dropped to the back of the mouth and showed no 
movements, even when the subjects were doing mental arithmetic; squar- 
ing three place numbers and giving correct answers. If, during a mental 
task, I urged the subject to hurry or if I slapped him, the tongue came 
forward and identifiable word-curves, not always profanity, appeared on 
the records. A study of movements of the closed eyes during thinking of 
directions in space or of simple geometrical figures gave similar though 
less consistent results. 

Such observations provide evidence that the neural activities in thought 
are identical with those of action, save for the lack of facilitation of the 
final motor path. The addition of emotional tension or facilitation increases 
the excitability of lower motor centers so that the neural activities of 
thought can fire them. The chief function of the pyramidal system is, I 
believe, to supply such facilitation and thus transform the thought to 
action. 


The Content of Experience 

I turn now to the nature of the items making up the field of conscious- 
ness, which are manipulated in unconscious ways. These items, as de- 
scribed by psychologists, are sensations or sensation-like images. Emotions 
reduce to somesthetic sensations; affects may constitute an additional class, 
but are too vaguely defined for treatment here. A few investigators have 
reported other elements: feelings of innervation and Vorbewusstseinslagen, 
feelings of being about to have an idea. These latter are, however, ques- 
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tioned by most observers. The problem of the content of experience boils 
down to accounting for the character of sensations. This has been thought 
to present the greatest difficulty for reducing mind to brain and has been 
most often cited in discussions of their incommensurability. “This red is 
my red. It is unique, indivisible, ineffable. By no stretch of the imagina- 
tion can it be reduced to vibrations in the ether or to volleys of nerve 
impulses.” I suspect that this proves only the inelasticity of the imagina- 
tion, calcified by the senility of tradition. 

What can actually be said of sensory qualities, of red and green? They 
are different, but the difference cannot be defined. They are recognizable, 
but the basis of recognition cannot be stated. They may have spatial extent, 
but within the limits of retinal sensitivity they may be reduced to exten- 
sionless points. Space is not inherent in the color. We may say that red is 
warm, exciting; but that is only adding irrelevant emotional content. Inde- 
scribable and undefinable differentness are the only attributes of sensory 
quality. 

A quite simple neural mechanism would produce this condition. As- 
sume that lights of different wave lengths excite volleys of different fre- 
quencies in the striate area. These volleys activate a neural system to 
produce patterns of activity which differ for the different volley frequen- 
cies but do not reproduce the frequencies. This system now excites another, 
Say the verbal, which does not directly receive the incoming volleys. For 
the verbal system then, the sensory volleys are different, but they cannot 
be broken down into volley frequency. Like red and green they are dif- 
ferent and identifiable, but they have nothing in common with volley 
frequency. They have all the attributes of sensory quality. 

Does this still leave the ineffable red? Is your red still red? I can only 
give an illustration which may shake your faith in it. I knew a painter who, 
after a mild stroke, developed a red-green blindness. Her work became 
drab, a muddy combination of browns and greens, in contrast to her 
former use of vivid colors. I got a clue to the trouble when she copied a 
Portrait but painted the face a sickly green. It was not an attempt at 
modernism. She had laid on a green foundation, a technique sometimes 
used to give depth to flesh colors, and had failed to cover it up. She had 
no inkling of the trouble but only felt hurt that some of her former pupils 
received prizes while her work was ignored. To her, her models and 
paintings still looked alike, since the color defect applied to both, though 
she now confused reds and greens. What then of her ineffable red? Has 
the red of normal vision any more constancy or significance? These same 
considerations apply to all sensory qualities. 

I cannot pretend to have formulated a complete and satisfactory ac- 
count of how the brain thinks. I recognize gaps and inconsistencies in my 
formulation of the problems, and the hypotheses that I have suggested 
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will probably collapse under the weight of additional evidence. But I do 
have faith in the point of view and the method that I have tried to illus- 
trate. Research on the brain has revealed a network of cells, organized in 
various structures and systems, subject to constant excitation from the 
sense organs, and capable of developing and maintaining a great variety 
of patterns of activity. On the physical side the phenomena can be de- 
scribed, and although the picture is far from complete, the essential ele- 
mentary processes for the production of behavior have been defined. In 
contrast, the conception of mind has been extremely vague and has not 
provided a basis for asking meaningful questions about its relations to the 
neural events. 

As long as mind is thought of as a special kind of being, obeying an all- 
or-none law in its presence or absence, or as some special type of energy, 
such as Sherrington sought and failed to find, so long will its relation to 
the brain be incapable of investigation. Mind is a complex organization, 
held together by interaction of processes and by the time scales of mem- 
ory, centered about the body image. It has no distinguishing features other 
than its organization. The mental phenomena must be subjected to an 
analysis as complete and detailed as that which is being made of neural 
activities. Only as progress is made in such an analysis, and as the picture 
of the brain’s activities is completed, will it be possible to make significant 
correlations between the two organized systems. Meanwhile, there is no 
logical or empirical reason for denying the possibility that the correlation 
may eventually show a complete identity of the two organizations.* 
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after motor lesion, 107-132 
(See also Brightness discrimination; 
Maze habit) 
Retina, projection of, 197, 256-270, 
306-308, 394, 395 
(See also Lateral geniculate body; 
Striate area) 
Retrograde degeneration in lateral ge- 
niculate nucleus, 258 
Rhesus monkey, motor function in, 
142-154 
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Rhythmic action, 519, 520 
Rods, 396 


Saliva, 29 
Salivary secretion, 28-51 
chewing, 34-37 
measurement of, 29 
mental work and, 46 
muscular activity and, 44 
olfaction and, 43 
protopathic stimulation and, 45 
and stomach, 42 
and taste, 37 
Scintillation in migraine scotoma, 412 
Scotoma, in man, 267, 412-420 
in migraine, 412-420 
in rat, 265 
striate area and, 303, 394, 407, 416 
(See also Detail vision; Striate area; 
Visual cortex) 
Secretion, of parotid gland, 28-51 
salivary (see Salivary secretion ) 
Self, 538 
Sense privation, 433 
and habit, 494 
Sensitivity, of mouth, 40 
to passive movements, 55-60 
to position, 55-60 
(See also Acuity; Brightness dis- 
crimination ) 
Sensory areas, equipotentiality in, 491 
Sensory control, of maze habit, 184- 
187 
of movement, 516 
Sensory defects, 433 
Sensory deprivation and learning, 291- 
293 
Sensory equivalence, 239 
Sensory factors, in instinctive behavior, 
379 
in maze habit, 157-158 
in nest recognition, 1 
Sensory functions of cortex, 491 
Sensory impulses in emotion, 350 
Sensory projection, 237 
Serial order, in behavior, xv, 506-528 
mechanism of, 337 
Sex recognition, 378 
Size of lesion, 294 
(See also Mass action) 
Size discrimination, 238 
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Somesthesis, and affect, 345 
cortical function in, 237 
and emotion, 351 
Sooty tern, nesting of, 1-23 
Spatial orientation mechanisms, 333- 
337 
Speech, facilitation of, 512 
(See also Aphasia; Language ) 
Spiders, web spinning in, 473 
Spinal cord, and maze habit, xii, 164- 
189, 1 
and pain, 354 
Spinal lesions, learning after, 228 
Spoonerism, 512 
Stenson’s duct, 29, 31, 48 
Stimulation of motor cortex, 143-148 
Stimulus equivalence, 193, 194, 464 
(See also Equipotentiality; Equiva- 
lence ) P 
Stinging cells of Microstoma, 372 
Stomach and salivary secretion, 42 
Striate area, and detail vision, 306, 
393-411 
discrimination, 137 
function in, 490 
and learning, 304 
lesions, 260, 340 
and light sensitivity, 305 
and maze habit, 432-454 
and retention, 311, 319 
and scotoma, 296, 303, 312, 394, 
407, 416 
and visual habits, 230 
(See also Brightness discrimination; 
Detail vision; Lateral genicu- 
late body; Occipital lesions; 
Pattern-vision ) 
Strychninization, 220, 483 
Subcortex, and brightness discrimina- 
tion, 232 
and habits, 95, 231 
and learning, 488-491 
and vision, 317 
and visual learning, 304 
Submaxillary glands, 29 
Summation and affect, 255 
Superior colliculus, 321, 443 
See also Brightness discrimination ) 
Synaptic resistance, xii, 136-141, 
191 
Syntax, 515 
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Task difficulty, lesion effects of, 243, 
279 

and mass action, 492ff. 

(See also Maze; Pattern-vision) 
Taste and salivary secretion, 37 
Tectum, 321, 443 
Temporal phenomena, 338 
Temporal variation, causes of, 151 
Terns, behavior of, 1-23, 471 
of innate organization, 271- 


t 

of intelligence, 219 

Thalamo-cortical radiations, 439 
(See also Lateral geniculate body; 

Striate area) 

Thalamus, anterior nuclei of, 445 
and emotion, xv, 345-360 
emotional experience and, 350 
emotional expression and, 347 
excitement by, 346 
lateral nucleus of, 445 
motor pattern in, 347 
and pain, 351-354 
sensory impulses to, 350 

Thermal sensitivity of parotid gland, 

32 

Thought, 540 

Tonic excitation, 536 

Trace system, 535 
(See also Memory ) 

Tracts, spinal, 168-171 
(See also Spinal cord) 

Training, accuracy of movement, 67 
in discrimination box, 96 
in latch boxes, 281-285 
(See also Learning ) 

Transcendence of mind, 533 

Transcortical conduction, 483 

Transfer, bimanual, 139 
of discrimination habits, 213 
interocular, 137 

Transposition, 193, 238 

Typing, mistakes in, 512 


Unconditioned reflex, fatigue of, 42 


Vicarious function, 223 
corpus striatum, 128 
without localization, 140 

Vigilance, 339 
and amnesia, 495 
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Vision, 210-216 
cortical function in, 200, 236 
innate factors in, 271-277 
in maze habit, 184 
in orientation, 13 
after rearing in darkness, 376 
and retina, 256-270 
(See also Brightness discrimination; 
Pattern-vision; Scotoma; Striate 
area) 
Visual acuity (see Acuity) 
Visual agnosia, 407 
Visual amnesia, 407 
Visual area (see Striate area; Visual 
cortex) 
Visual cortex, xii, 96, 393 
and detail vision, 393-411 
differentiation within, 236 
remnant of, xv, 393-411 
structure of, 435 
(See also Striate area) 
Visual discrimination, conditional reac- 
tions in, 361-371 
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Visual discrimination, cortical function 
in, 200 
after lesions, 486F. 
subcortical factors in, 304 
(See also Brightness discrimination; 
Detail vision; Pattern-vision ) 
Visual field, cortical, 258 
(See also Projection; Retina; Sco- 
toma) 
Visual pathways in acuity, 408 
Visual system, arrangement of, 268, 
333, 463 
neurons in, 499, 524 
Visual transposition, 193 
Voluntary action, 109, 330, 537 


Web spinning in spiders, 473 
Weber's law, 39 
Will, 537 


Yerkes box, 73, 96, 230, 278, 304-309, 
370 
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